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Abstract 
Despite enormous efforts and investments, the efficiency of InGaN-based green and yellow-
green light emitters remains relatively low, and that limits progress in developing full color 
display, laser diodes, and bright light sources for general lighting. The low efficiency of light 
emitting devices in the green-to-yellow spectral range, also known as the “Green Gap”, is 
considered a global concern in the LED industry. The polar c-plane orientation of GaN, which is 
the mainstay in the LED industry, suffers from polarization-induced separation of electrons and 
hole wavefunctions (also known as the “quantum confined Stark effect”) and low indium 
incorporation efficiency that are the two main factors that contribute to the Green Gap 
phenomenon. One possible approach that holds promise for a new generation of green and 
yellow light emitting devices with higher efficiency is the deployment of nonpolar and semi-
polar crystallographic orientations of GaN to eliminate or mitigate polarization fields. In theory, 
the use of other GaN planes for light emitters could also enhance the efficiency of indium 
incorporation compared to c-plane.  
In this thesis, I present a systematic exploration of the suitable GaN orientation for future 
lighting technologies. First, in order to lay the groundwork for further studies, it is important to 
discuss the analysis of processes limiting LED efficiency and some novel designs of active 
regions to overcome these limitations. Afterwards, the choice of nonpolar orientations as an 
alternative is discussed. For nonpolar orientation, the  1100 -oriented (m-plane) structures on 
patterned Si (112) and freestanding m-GaN are studied.  The semi-polar orientations having 
substantially reduced polarization field are found to be more promising for light-emitting diodes 
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(LEDs) owing to high indium incorporation efficiency predicted by theoretical studies. Thus, the 
semi-polar orientations are given close attention as alternatives for future LED technology. 
One of the obstacles impeding the development of this technology is the lack of suitable 
substrates for high quality materials having semi-polar and nonpolar orientations. Even though 
the growth of free-standing GaN substrates (homoepitaxy) could produce material of reasonable 
quality, the native nonpolar and semi-polar substrates are very expensive and small in size. On 
the other hand, GaN growth of semi-polar and nonpolar orientations on inexpensive, large-size 
foreign substrates (heteroepitaxy), including silicon (Si) and sapphire (Al2O3), usually leads to 
high density of extended defects (dislocations and stacking faults). Therefore, it is imperative to 
explore approaches that allow the reduction of defect density in the semi-polar GaN layers grown 
on foreign substrates. 
In the presented work, I develop a cost-effective preparation technique of high 
performance light emitting structures (GaN-on-Si, and GaN-on-Sapphire technologies). Based on 
theoretical calculations predicting the maximum indium incorporation efficiency at 60  (  
being the tilt angle of the orientation with respect to c-plane), I investigate  1122 and  1101  
semi-polar orientations featured by 58    and 62   , respectively, as promising candidates 
for green emitters. The  1122 -oriented GaN layers are grown on planar m-plane sapphire, while 
the semi-polar  1101  GaN are grown on patterned Si (001).  
The in-situ epitaxial lateral overgrowth techniques using SiNx nanoporous interlayers are 
utilized to improve the crystal quality of the layers. The data indicates the improvement of 
photoluminescence intensity by a factor of 5, as well as the improvement carrier lifetime by up to 
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85% by employing the in-situ ELO technique. The electronic and optoelectronic properties of 
these nonpolar and semi-polar planes include excitonic recombination dynamics, optical 
anisotropy, exciton localization, indium incorporation efficiency, defect-related optical activities, 
and some challenges associated with these new technologies are discussed. A polarized emission 
from GaN quantum wells (with a degree of polarization close to 58%) with low non-radiative 
components is demonstrated for semi-polar  1101 structure grown on patterned Si (001). We 
also demonstrated that indium incorporation efficiency is around 20% higher for the semi-polar 
 1122  InGaN quantum wells compared to its c-plane counterpart. The spatially resolved 
cathodoluminescence spectroscopy demonstrates the uniform distribution of indium in the 
growth plane. The uniformity of indium is also supported by the relatively low exciton 
localization energy of 7locE meV at 15 K for these semi-polar  1122  InGaN quantum wells 
compared to several other literature reports on c-plane. The excitons are observed to undergo 
radiative recombination in the quantum wells in basal-plane stacking faults at room temperature. 
The wurtzite/zincblende electronic band-alignment of BSFs is proven to be of type II using the 
time-resolved differential transmission (TRDT) method. The knowledge of band alignment and 
degree of carrier localization in BSFs are extremely important for evaluating their effects on 
device properties. Future research for better understanding and potential developments of the 
semi-polar LEDs is pointed out at the end. 
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Chapter 1 
1. Introduction    
Development of blue light emitting diodes (blue LEDs) in early 1990s was made possible by 
utilizing InGaN/GaN and InGaN/AlGaN double heterostructures (DH). Efficient blue LEDs 
together with green and red colored ones established earlier by means of InGaAsP material 
systems could potentially make a complete set of colors.[1] This breakthrough leading to 
substantial progress in full color display technology as well as cost effective white light 
generation, brought three Japanese fellows -Shuji Nakamura, Hiroshi Amano, and Isamu 
Akasaki the 2014 Noble Prize in physics.[2]–[5] Nowadays, InGaN based LEDs have 
surrounded us in almost every instrument as well as traffic lights, cell phone displays and energy 
efficient TV/monitors, white lamps, car lighting applications and so on which after all makes us 
feel like life can’t be imagined without them. LEDs are more useful than other sources of 
lighting in terms of energy efficiency, device lifetime, and probably most importantly, 
environmental friendliness.[6]     
Due to the above-mentioned numerous applications of GaN based light-emitters, there is a 
growing market, demand, and production on them.[7] It has been recently predicted that the 
global LED lighting market is expected to reach $25.7 Billion dollars in 2015.[8] Considering 
the overall lighting market will grow to almost $82.1 Billion dollars in 2015, as reported by LED 
Inside,[8] the penetration of LED technology will increase to about 31%. These figures are 
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predicted to increase further in next few years, first of all, due to rapid population growth, large 
number of private-sector LED projects, and governmental supports.[8] LED Inside has predicted 
the global market to become as large as $36 Billion dollars in 2018.[9] Shares of LED demand 
for various applications for the years 2013, 2014, and 2015 are shown in Figure 1.1.[9] The 
tangible  increase in general lighting application of high brightness LEDs which can be clearly 
seen from the diagram for this three year period illustrates the enormous role of this technology 
in future of our planet, Earth, reducing the demand for destructive, less efficient sources of 
energy. To summarize, LEDs play a very important role in almost everybody’s daily life and 
most of this development is performed after inventionof InGaN based emitters in less than 20 
years. 
 
Figure 1.1. Lighting Market demands specified for different applications for 2013, 2014, and 
predicted for 2015. The clear increase in general lighting and reduction in display backlight can 
be seen from 2013 to 2015 from the diagram. [Data from Ref. [9]] 
              
Despite of numerous applications of GaN-based LEDs and enourmous investigations 
which provided such a wide global market in various applications, the LEDs still have limited 
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efficiency especially at high injected current densities. External quantum efficiency (EQE) of 
LEDs typically reaches the maximum at moderate current densities (5 to 100 A/cm
2
, depending 
on the device design and emission wavelength) and then degrades with further incleasing 
injection. The real mechanism behind this efficiency degradation at high injection levels also 
known as “efficiency droop”, i.e. referred to as the gradual reduction in efficiency as a function 
of injection current level, has not been clearly understood yet.[10] Asymmetry in carrier 
distribution due to large effective mass of holes in multiple-quantum wells (MQWs) structure is 
another problem limitting efficiency at different injection levels. In adition to the above-
mentioned mechanisms, presence of defects acting as non-radiative recombination centers and 
effect of polarization field known for polar structures are also responsible for efficiency 
limitations that requires to be addressed.[10] Moreover, the efficiency of LEDs reduce 
dramatically with increasing operation wavelength to the extent that there is a gap in efficiency 
for green LEDs operating at about 560nm (see Figure 1.2) - a problem known as “green gap” 
phenomenon. 
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Figure 1.2. Luminous efficacy as a function of peak operational wavelength demonstrating a gap 
in luminous efficacy in about 560nm range (Image source: OSRAM). [11] 
 
 Let us discuss first the mechanism behind efficiency limitation mechanisms in 
conventional LEDs. One of the main factors which limit performance of LEDs is the separation 
of electron and hole wave-functions in active region due to the polarization field acting as 
perturbation to the initial rectangular well system.[12] This effect is more pronounced for long 
wavelength emitters in which lattice mismatch and, therefore, piezoelectric field is higher thus 
contributing to the green gap issue.[12] Also, the polarization at the hetero-interfaces can 
enhance the barriers for electrons and holes and aggravate asymmetry in distributions of the 
carriers across the active regions for multi quantum well (MQW) systems with resultant 
reduction in efficiency.[13] Degradation of structural quality for high indium content 
heterostructures is another factor which can have a dramatic effect on the LED efficiency 
especially for green-light sources.[14] These altogether have encouraged researchers to search 
for alternative solution to overcome the obstacles for furher improvement of the LED 
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performance: low recombination efficiency at moderate current level, efficiency retention at high 
injection, and poor efficiency of green LEDs. 
 Theoretically, in polar crystals such as GaN, the spontaneous polarization is the 
maximum along the (0001) (or c-) direction. It decreases for the planes which make angles 0
o
 < θ 
< 90
o
 with this plane (referred as “semi-polar planes”) and drops to zero for planes perpendicular 
to the polar plane (nonpolar planes). Piezoelectric polarization in the InGaN/GaN structures 
behaves in the similar manner because of polarization discontinuity and this makes the 
piezoelectric polarization to differ from that in the polar c-plane variety. Figure 1.3 shows the 
theoretical curves representing this phenomenon i.e. changes in piezoelectric polarization and 
total polarization charge as well as wave function overlap (based on quantum confined Stark 
effect) versus inclination angle to the c-direction.[15] Obviously, in semi-polar and nonpolar 
planes the absolute values of polarization charge and electron-hole wavefunction overlap is 
diminished compared to conventional c-plane demonstrating the potential benefits of choosing 
them as substrates for light emitting applications. 
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Figure 1.3. (a) Piezoelectric polarization and (b) wave function overlap of electrons in 
conduction and holes in valence bands as a function of tilt angle with respect to the c-direction 
for a 3nm In0.25Ga0.75N/GaN quantum well system. [Data from Ref. [15]] 
 
 Therefore, as an alternative to c-plane conventional LEDs, nonpolar structures with no 
polarization fields were proposed in early 2000.[16], [17] Later report by Yamada et al.[18] on 
reduced indium incorporation efficiency by a factor of about three compared to c-plane and 
consequently reduction in LED output power for devices emitting above 400nm[19] As will be 
discussed in more detailes in next chapter, supported theoretically[20], [21] and 
experimentally[22] in some other groups, the observation of low incorporation efficiency into 
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nonpolar planes turned attention more to semi-polar planes as potential alternatives for green 
emitters. Reduction/elimination in polarization field for semi-polar and nonpolar structures was 
interesting as could pave the way for further improvement of LED efficiencies. Moreover, such 
suppression in polarization field could result in some degrees of freedom in design of LEDs 
which could result in better performance in terms of lower efficiency droop. From 
crystallographic point of view, the idea of studying and looking for planes with potentially 
higher indium incorporation efficiency was giving additional motivation for researchers to 
address the green gap problem as well. The latter was motivated by theoretical predictions on 
improved indium incorporation efficiency for some semi-polar planes based on the effect of 
strain[20] and surface atomic configurations[21] with some experimental verifications[22] (more 
detailed discussions will be brought in Chapters 2 and 4). 
 After all, it seems that use of nonpolar (mainly for higher energy emitters) and semi-polar 
planes of GaN heterostructures could potentially result in improvement in next generation of 
light emitters. However, the major problems are related to the technological limitations on 
growing high quality nonpolar and/or semi-polar GaN structures by means of either homo- or 
heteroepitaxially. Consequently, the low optical and structural quality negates the improvement 
due to reduction in QCSE and potential reduction in efficiency droop, etc. and thus makes the c-
orientation yet the winner. It is noteworth to mention that utilizing nonpolar/semipolar substrates 
due to eliminated/suppressed QCSE could pave the way for new designs of single well active 
regions with thicker widths that negates the carrier spillover at high current densities as main 
cause of efficiency droop.   
 However, the recent advances in growth of nonpolar and semi-polar GaN are giving 
promises for future of this technology. This can be inferred from recently reported external 
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quantum efficiency (EQE) values for semi-polar and nonpolar LEDs on native and non-native 
substrates as brought together in Figure 1.4. This figure illustrates the reported values for 
external quantum efficiency of InGaN LEDs with three emission colors (blue, green and yellow-
green) as a function of crystal inclination angle with respect to c-axis. Since the reported data in 
Figure 1.4 are mainly based on bulk substrates prepared by cutting the HVPE grown c-plane 
layers at different angles (what is frequentky referred in literature as “second generation” 
LEDs[19]), the improved efficiencies of semi-polar LEDs that approach those of the 
conventional c-plane devices can be attributed to the ability to prepare high quality layers. 
Although this approach for preparation of non-basal-plane GaN substrates seems to be 
promising, it is a costly method and dictates the final product to become expensive. 
Heteroepitaxy of semi-polar and nonpolar films, on the other hand, could be of more interests 
due to relatively low costs of preparation. 
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Figure 1.4. Reported peak EQE values for various substrate orientations (inclination angle with 
respect to C-axis).[23]–[35] The blue, green and yellow-green spheres indicate blue, green and 
yellow-green LEDs, respectively.   
 
 As mentioned, growth of semi-polar and nonpolar GaN layers on non-native and 
relatively inexpensive foreign substrates such as sapphire and Si using relatively inexpensive 
techniques is of great interest. However, these layers often suffer from high density of extended 
defects due to relatively high mismatch with the substrate. The further development of these 
LEDs require further investigations in order to find suitable growth conditions as well as develop 
defect reduction techniques which could enable high efficiency semi-polar and nonpolar LEDs at 
low cost. In addition to that, better understanding of properties of GaN light emitters which are 
orientation-dependent could be possible when growth of high quality semi-polar and nonpolar 
layers will be developed, similar to the evolution of conventional c-plane light emitters.         
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 In this thesis we intend to go over these nonpolar and semi-polar orientations in details 
systematically. The discussion will contain comparison of nonpolar/semipolar with c-orientation 
in terms of structural and optical properties, their promises based on theoretical predictions, 
growth limitations, and potential techniques for improving quality of the heteroepitaxial layers 
grown on some of these orientations. Finally, considering the promises and limitations of the 
heteroepitaxial technologies (“GaN on Sapphire”, “GaN on Si”) together with “GaN on GaN”, 
the potential technologies for future lighting applications will be discussed briefly.   
 The work is organized as follows. In Chapter 2, we investigate a bit on physical 
background behind orientation-dependence of optical and structural properties of LEDs, 
theoretical predictions, and future promises given by the semipolar generation of GaN LEDs. I 
briefly discuss my methodology in systematic investigations of this wide area of light emitting 
diodes in Chapter 3. In Chapter 4, conventional c-plane LEDs, the efficiency improvements, 
potential methods for enhancement of indium incorporation efficiency, and the challenges will 
be discussed. The nonpolar LEDs as alternatives for c-plane-based light emitting structures and 
the limitations will be addressed in Chapter 5. Later on, heteroepitaxial semipolar LEDs with 
planes having particular tilt angles with respect to basal plane will be investigated both on 
patterned (Chapter 6) and planar substrates (Chapter 7). At the end, the work will be summarized 
(Chapter 8) and some future research for semipolar GaN on Sapphire and Si technologies will be 
proposed (Chapter 9).  
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Chapter 2 
2. Orientation dependent properties of GaN based 
light emitting structures 
In this chapter, physical and optical properties of selected semi-polar and nonpolar 
crystallographic planes of GaN-based heterostructures will be discussed.  In the view of 
orientation dependent properties of GaN, some of the main differences which could be most 
effective in determining the LED performances will be considered. The content of this chapter is 
organized as follows. First a general overview of the crystallographic planes of GaN and their 
identifications will be provided. The discussion will be followed by brief description of the most 
influential characteristics of various planes of GaN including strain and polarization fileds and 
their effects on related quantum confined Stark effect (QCSE), carrier transport properties, light 
emission  characteristics, and indium incorporation. The discussion will mainly contain 
theoretical predictions and will be followed by experimental verifications if available in 
literature. 
2.1. Selected crystallographic planes of GaN: A General 
Overview  
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Owing to its wurtzite hexagonal crystal structure featured by 6 fold rotation and 2 mirror planes, 
a primitive Bravais lattice containing only one lattice point in the unit cell, and screw 62 axis 
(two step, 60 degrees each), GaN belongs to the point group of 6mm and space group of C
4
6v in 
Hermann-Mauguin and P63mc in Schoenflies notation.[36] Within GaN structure, each atom of 
Ga is surrounded by four N and each N atom surrounded by four Gallium atoms in tetrahedral 
coordination. As a result, along polar axis, i.e. c-direction, the relative numbers of Ga and N 
atoms change going from one parallel plane to the other which gives rise to a net polarization 
known as spontaneous polarization. The situation can be different at other planes that do not 
contain polar axis of symmetry which can be obtained by changing the angle with respect to c-
direction providing other sets of parallel planes with different characteristics. Later on, we will 
discuss the differences in characteristics for the non-c-oriented planes of GaN. 
 As known, the planes of a hexagonal lattice can be represented by four indices , , ,h k i l  as 
in  , , ,h k i l . Having a constraint between indices i.e. 0h k i   , one can write each plane of 
 , , ,h k i l in hexagonal system as a unique  , ,h k i in a cubic system. There are certain relations 
governing these indices that define general properties of the corresponding planes. For instance,  
0,  0h k i l     defines c-plane giving rise to sets of parallel planes with interplanar distance 
that is determined by index l  only. As will be demonstrated later in this subsection, these planes 
are polar planes as a result of unequal numbers of N atoms and Ga atoms in the double-
monolayer plane. In case in addition to nonzero l index any of the h  or k  indices being nonzero, 
the plane is featured by reduced spontaneous and dubbed by convention as “semipolar”. If 0l  , 
the plane is featured by zero polarization field and teramed as a “nonpolar” plane. As examples 
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for this general rule, planes (0001) , (1010) , and (1011) represent polar c-plane, nonpolar m-plane, 
and semipolar s-plane crystallographic planes, respectively. 
 It turns out that the characteristics are dependent on tilt angle of a plane with respect to 
polar axis. This inclination angle ( ) i.e. the angle between a plane of interest  , , ,h k i l  and the 
c-plane can be determined from the four indices and lattice constants with the following 
relationship  
                                                              
 
1
2 2 2 2 2
3
cos
4 3
al
c h k hk a l
 
 
 
   
            (2.1) 
Where a   and c  are in-plane and out of plane lattice parameters of the hexagonal structure, 
respectively. Some of the semipolar and nonpolar planes and the calculated value for the 
inclination angles are shown in Figure 2.1.[36], [37] The distance between the parallel planes ( d
) of a given orientation which can be calculated having h , k , and l  indices using a 3-
dimensional geometrical method is unique for a certain orientation and so is the Bragg angle. 
Thus, XRD analysis using the following relation can be used to identify the orientations  
                                                                                                    
( )
2
Sin n
d


                        (2.2) 
Where   is the Bragg angle,   is the incident x-ray wavelength (for 1 and 2 ), n  is an 
integer and d  is the inter-planar distance in the orientation.[7] Therefore, one to one 
correspondence of each set of plane with a certain inclination angle ( ) and corresponding 
Bragg angle ( ) resolved by XRD could act as a fingerprint identifying the orientations of a film 
for a single or multiple phase layers.  
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Figure 2.1. Schematic Representation of some of the nonpolar, semipolar and polar planes for 
Wurtzite GaN. The θ angles for each plane is calculated assuming 318.6a pm  and 
518.6c pm  for GaN. 
 
 As seen above, for a crystallographic orientation of interest, the inclination angle is 
important in identifying characteristics and the corresponding properties of the particular plane. 
Some of these characteristic properties such as polarization and strain in multilayer structures 
identified by the substrate inclination angle with respect to C-axis will be discussed in details in 
next section.  
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2.2. Characteristics of various orientations of GaN 
heterostructures  
The properties of heterostructures such as strain, polarization charge, carrier dynamics and 
transports, optical activities, impurity and alloy incorporations, etc. depend on their orientation. 
This means that the corresponding parameters for the properties are variable under rotation of 
substrate orientation with respect to c-axis. The dependence of some of the properties in GaN 
heterostructures will be treated theoretically and/or experimentally in this section.  
2.2.1. Stress and polarization 
Presence of tensile or compressive strain induced in layers thinner than the critical thickness 
grown on a substrate with larger or smaller in-plane lattice constant, respectively, is known to 
affect the band-structure and thus emission properties and efficiencies.[7] The strain for various 
orientations of substrate can be taken into consideration. In polar coordinate system in which   
and   are rotational angle with respect to c-axis (polar axis) and azimuthal angle, respectively, 
the derivation of different strain components can be carried out utilizing the rotation 
transformation matrix as follows    
                                                                  
cos cos cos sin sin
sin cos 0
sin cos sin sin cos
U
    
 
    
 
 
 
 
 
 
.                  (2.3) 
Assuming strained InGaN layer on a GaN substrate as in blue and green light emitting diodes, 
the in-plane strain (for two orthogonal in-plane directions) for a semipolar plane would be [38]
 
                                                                                 1 ' '
S L
m y y
L
a a
a
 

                                                    (2.4)  
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Where Sa and Sc  are substrate in-plane and out of plane lattice constants while Lc and La are in-
plane and out of plane lattice constants for InGaN layer. The calculation is performed for InGaN 
and AlGaN systems by Romanov et al.[38] the results of which is brought in Figure 2.2. At polar 
orientation ( 0   ) the in-plane strain anisotropy will be zero (for both AlGaN and InGaN 
epilayer systems) that means unlike semipolar and nonpolar heterostructures, for c-plane the in- 
plane strain will be isotropic. As we will demosntrate in subsection 2.2.3, this leads to a different 
optical polarization behavior for semipolar, nonpolar and polar structures. 
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Figure 2.2. Numerically calculated elastic strain in anisotropic mismatched layer versus 
inclination angle for (a) In0.2Ga0.8N and (b) Al0.4Ga0.6N layers. [Reprinted with Permission from 
Ref.[38]] 
 
 
 Being strong piezoelectric, III-nitride semiconductor heterostructures saffer from both in 
piezoelectric and spontaneous polarization,[37] whereas the former exists for strained layers 
while the latter is present even for fully relaxed structures as a result of anisotropy in 
electronegativity of atoms in multi atomic crystals along a specific direction. The polarization 
induced charges can be used to induce two-dimentional electron gas (2-DEG) required in 
heterostructure field effect transistors (HFETs),[39] but they can also  decrease electron and hole 
wavefunctions overlap and thus reduce recombination efficiency which is crucial in light 
emitters.[12] Therefore, in the ternary AlN-GaN or InN-GaN systems which are mainly used for 
UV and visible light emitters, these polarization needs to be understood.   
 Following the strain calculation, the piezoelectric polarization can be calculated as[38]
 
(a) 
(b) 
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Where 
ije  is the piezoelectric, and ij  is the strain tensor elements.[38] For different orientations 
of InGaN/GaN structure the total polarization Charge at the interface would be   
                                                                                
' ' ( )cos
pz sp sp
z Lz L SP P P P                                                                         (2.7)  
 
Where sp
LP  and 
sp
SP  are spontaneous polarization for the layer and substrate, respectively.
36
 As it 
was demonstrated elsewhere,[38] the piezoelectric polarization for different inclination angle can 
be expressed as: 
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The piezoelectric and change in total polarization for both InxGa1-xN/GaN QW and AlyGa1-
yN/GaN QW structures strain is plotted as a function of inclination angle ( ) for various molar 
fractions of InN and AlN in Figure 2.3.[38] Comparison of the piezoelectric component and total 
polarization for InGaN and AlGaN QW systems reveal the significant role of spontaneous 
polarization in case of AlGaN system (compare plots Figure 2.3 (c) and (d)). In contrast, it 
appears that piezoelectric polarization is dominant in case of InGaN QW (compare plots Figure 
2.3(a) and (b)). Another interesting observation is the cross-over of the total polarization plots at 
45    and 70   for InGaN and AlGaN systems, respectively regardless of indium or Al 
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contents. Vanishing of the total polarization is favorable due to the elimination of quantum 
confined stark effect (QCSE).[12]   
                                                      
 
 
Figure 2.3. Piezoelectric polarization (a,c) and change in total polarization (b,d) as a function of 
inclination angle ( ) with respect to c-axis of InxGa1-xN/GaN (a,b) and AlyGa1-yN/GaN (c,d) 
quantum well structures with different compositions.
 
Compositions x=0.05 (1), 0.1 (2), 0.15 (3), 
0.2 (4) and y = 0.1 (1), 0.2 (2), 0.3 (3), and 0.4 (4).[ Reprinted with Permission from Ref.[38]] 
 
 The polarization induced internal electric field associated with spontaneous and 
piezoelectric components can be determined from the calculated polarization charges using 
                   
'
'
0.
z
z
r
P
E
 
  ,                (2.9) 
where r  and 0  are relative dielectric constants of the material and vacuum permittivity, 
respectively. The calculations can be performed more accurately considering two-way (coupled) 
piezoelectric interaction between electric field and strain with incorporation of spontaneous 
polarization[40] i.e. utilizing the models described in Refs.[41], [42] by adding SP 
polarization.[40] For wurtzite GaN structure, elastic stiffness and piezoelectric constant matrices 
appear as follows 
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and using stress equation 
                                                              
i ij j k kiC E e   ,                  (2.12) 
where  ,  , and kE  are stress, strain and the k
th
 component of the electric field, and using the 
known electrostatic equation 
                    m mk k mD E P  ,                   (2.13) 
where mD  and mP , being the 
thm  component of the electric displacement field and polarization 
charge, respectively. Knowing that . 0D    in direction perpendicular to plane of the QW (z-
direction assuming the coordinate frame similar to what is shown in Figure 2.3(c)) in the absence 
of free charges, the strain and electric field ( , and kE  ) can be found in a coupled form as 
                                                      
0 13 33 33 31 33
2
33 33 33
2 ( ) ( )SP
coup
C e C e C D P
E
C e


  


             (2.14) 
                                                     
0 13 33 31 3
3,
3 33
2
33 33 33
2 ( ) ( )SP
coup
C e e e D P
C e
 

   


        (2.15)  
54 
 
This is known as coupled equation for internal field.[42] Ignoring the converse piezoelectric 
effect the equations will become uncoupled as 
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In case of a single QW system, the displacement field would be spontaneous polarization in the 
barrier[43] except for the surface. In case of multi-quantum wells, on the other hand, the 
following periodic boundary condition demonstrated by Bernardini et al. [43] needs to be applied   
                  ( ) ( ) 0q q
q
l E             (2.18) 
where l  being the thickness of a layer noting that the summation is operating over all layers 
including the barriers. Following calculations in Ref.[40], the strain and electric field in growth 
direction for thn  layer in MQW structure can then be derived as a solution of the coupled 
equations[40]
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Where 
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 Takeuchi et al.[44] have performed the calculations for strained InGaN layers the result 
of which is plotted as a function of polar angle  (denoting the same angle as inclination angle) 
in Figure 2.4 (a). The transition energy and probability of transition as a function of inclination 
angle can be calculated assuming triangular potential well in which the internal electric field is 
taken as perturbation to the rectangular well[45] that is shown in Figure 2.4 (b) and (c), 
respectively. The variation in the QCSE for various InN molar fractions is demonstrated in 
Figure 2.5.[46]  
 
 
Figure 2.4. Calculated longitudinal internal electric field induced by piezoelectric polarization 
for a strained In0.1Ga0.9N layer on GaN (a) and the transition energy (b) and probability (c) for a 
3nm In0.1Ga0.9N/GaN QW as a function of inclination angle (polar angle) with respect to (0001) 
direction.[ Reprinted with Permission from Ref.[44]]   
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Figure 2.5. Theoretically determined ground state electron (a) and heavy-hole (b) wave function 
for a 3.0nm In0.2Ga0.8N/GaN QW for some discrete values of inclination angles ( ) leading to 
the wave –function overlap ( e hhO  ) in (c) and the QCSE induced shift in emission spectra (  ) 
as a function of inclination angle for various indium contents. [Reprinted with Permission from 
Ref.[46]] The points in the plot (d) corresponds to the reported experimental values for 
In0.3Ga0.7N/GaN QW which is followed by theoretical fitting multiplied by 1.45 shown as green 
dotted line that.[28], [29], [47]–[51]       
 
 
 The internal electric field for GaN-based heterostructures can also be extracted using a 
set of experiments as performed earlier [52] for c-plane by photoluminescence evaluation of 
QWs with varied thicknesses. Leroux et al.[52]
 
reported estimation of internal electric field along 
c-oriented Al0.17Ga0.83N/GaN QWs with various widths of 4MLs, 8MLs, 12MLs, and 16MLs and 
different barrier thicknesses from 5nm to 50nm. Emission analysis of QWs with varied 
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thicknesses based on shift caused by QCSE for estimation for the internal electric field along the 
wells. Figure 2.6 depicts the emission energy analysis of low temperature photoluminescence 
using the fitting curves obtained from following equation written for case of superlattice (or 
MQWs) [52] 
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Where wL  and bL  denotes well and barrier thicknesses, wP , and bP  are the zero-field 
polarization in QW and barrier, respectively. Static dielectric constants in wells and barriers are 
shown by w , and b , respectively. Similar approach can be performed to estimate electric fields 
in InGaN and AlGaN heterostructures grown on other crystallographic orientations.  
 
Figure 2.6. Low temperature PL spectra of Al0.17Ga0.83N/GaN MQWs with different well widths 
from 4MLs to 16MLs (a) and dependence of the measured transition energy as a function of well 
width (b) for different barrier thicknesses from 5nm to 50nm fitted using various electric fields 
from 530 kV/cm to 760 kV/cm, respectively.[ Reprinted with Permission from Ref.[52]] 
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2.2.2. Transport Properties  
Transport of carriers in bulk or quantum well systems can be strongly orientation dependent due 
to variation in strain anisotropy and polarization fields. Unlike optical properties, carrier 
transport in semipolar and nonpolar structures has remained unexplored as there are only a few 
studies on this topic to date. Except some studies on semipolar  1122 ,[53]–[55]  2021 as well 
as  2021 ,[13] and nonpolar  1120 [55] structures, there is no significant studies reported on 
the topic. There are some others reports on carrier transport of ohmic contacts to non-
conventional substrate orientations[56] which is not our main topic discussion here.  
Nevertheless, the investigation of carrier transport is very important for determining desired 
device performance particularly in MQW systems. Thus, we present a short but comprehensive 
overview of charge transport properties as well as the potential orientation-dependence.  
 In the growth plane, i.e. the plane perpendicular to growth direction, the scattering 
mechanisms in semipolar and nonpolar structures could be different from those in c-plane mainly 
due to presence of in-plane polarization and extended defects such as stacking faults.[57] 
According to literature reports, for nonpolar structures the mobility of carriers in the in-plane 
directions parallel to 0001 is significantly lower than that in 1120    direction.[58]–[60]
 
The in-
plane anisotropy in electron and hole mobility for nonpolar and semipolar structures can be 
understood considering the carrier transport across basal plane stacking faults (BSF) in the 
presence of polarization.[61]  
 The transport problem could be solved assuming two tunneling processes through delta 
function barriers induced by QW-like band-structures in BSF i.e. a zincblende segment inserted 
between two wurtzite GaN layers, as demonstrated schematically in Figure 2.7 (we will provide 
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more detail discussion of BSFs later in sub-subsection 4.4.2.2 when discussing their optical 
activities).  The strength of the barriers can be found as 1 dS eV x ,  2 cS E eV d   , where  
/ 2 sV d  [61] and the total coefficient of incoherent transmission across BSF consisting of 
coefficients for barrier (
,1( )trT ) and QW ( ,2( )trT ) can be written as 
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        (2.23) 
Where, k and 
*m  are the electron energy before entering the well and band edge effective mass, 
respectively. In the absence of SFs, the elemental current component of k k
x x kj e f  can be 
assumed for electrons moving in x-direction with velocity of k
x  and with perturbation of 
equilibrium Fermi-Dirac distribution of kf  in the presence of an electric field. Presence of SFs 
reduces this current due to partial blocking of the carriers from transmission through the barrier 
and the QW. The effective current density in x-direction and in the presence of SFs will be 
( )eff xk tr k kJ T j and, therefore, the total current density in the presence of BSF will be derived as 
[61]  
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and conductivity in the x-direction is 
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Thus, 
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Figure 2.7. (a) Schematic structure of BSFs, (b) charge distribution across BSFs, (c) electric 
field diagram, (d) conduction band profile of BSFs, and (e) modeling of the QW/Barrier system 
with delta functions.[ Reprinted with Permission from Ref.[61]] 
 
Figure 2.8 represents theoretically calculated together with experimental verification of 
dependence of film mobility and conductivity on carrier density for two perpendicular directions 
for p-doped m-plane substrates. The plots clearly indicate the adverse effect of basal plane 
stacking faults on carrier transport, as the electrical data shows anisotropic behavior for 
directions parallel and perpendicular to the basal plane in the presence of BSF.  
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Figure 2.8. Theoretically calculated (solide lines) and experimental data (solid circles) for film 
conductivity (left) and drift mobility (right) for direction parallel (blue) and perpendicular (black) 
to the plane of BSF i.e. c-plane. [Reprinted with Permission from Ref.[61]] 
 
 
For out-of-plane transport, since polarization-induced electric field in polar structures and 
resulting band bending is orientation dependent (see subsection 2.2.1), it is reasonable to assume 
transport of electron and holes in a multi quantum well system being affected by choice of 
substrate orientation.[37] Based on the calculated plots for piezoelectric and total polarizations 
(discussed in previous section), at inclination angles of above 45˚ the polarization direction 
switches and thus direction of band bending in the structure changes as well. This phenomenon 
can be better understood by considering the band structures simulated for selected orientations 
and selected indium content in InGaN/GaN MQWs as shown in Figure 2.9.  
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Figure 2.9. Simulated band structure of InGaN/GaN MQWs for (a) c-plane, (b) m-plane, (c) for 
 1013 , and (d)  2021 . The conduction (EC) and valence band energy (EV) and electron (Efn) 
and hole quasi Fermi levels (Efp) are shown in the plots. [Data from Ref.[37]] 
 
 
 In multi quantum well structures, when the polarization changes the sign [the case of 
 1122 or  2021 ], the carriers escaping from one quantum well would face an additional barrier 
on their path to the next quantum well. This is, in contrast to the case of nonpolar 
heterostructures ( 90  ) in which there should not be effectively any band bending. In that 
case, the escaped carriers would be more easily injected to the next quantum well (see Figure 
2.9). Therefore, for the same forward bias voltage, the output power will be lower in case of 
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nonpolar structures, which means decrease in efficiency. This has been experimentally 
demonstrated by Kawaguchi et al..[13] According to their study, the distribution of carriers is 
more uniform in semipolar  2021  MQW InGaN structures than that in  2021 counterpart with 
opposite polarity and thus the forward bias voltage needed to have same optical power is lower 
in case of  2021 than that in  2021 InGaN light emitting diodes.[13] Therefore, consideration 
of carrier transport properties is essential in choosing orientation and and in design of InGaN 
LEDs for high efficiency. 
2.2.3. Light Emission Properties  
 
The optical properties of a material system are determined by its energy-momentum relation as it 
controls transition states for charge carriers. Therefore, in order to understand the effect of 
inclination angle on optical properties it is necessary to start from E-k dispersion curve. Using 
first-principle calculations to obtain the electronic band structure parameters (such as effective 
masses and splitting energies) by a full-potential linearized augmented plane wave (FLAPW) 
method[62] within local density functional approximation (LDA)[63] the electronic band 
structure (E-k diagram) can be determined.[64] The result of the calculation at around the Γ point 
which leads to dispersion curve for GaN is shown in Figure 2.10. In this calculation, it is 
assumed that charge density in valence band is strongly localized and the hybridization of Ga 3d 
is non-negligible.[64]
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Figure 2.10. Schematic electronic band structure (E-k diagram) of wurtzite GaN. (a) Spin orbit 
splitting of the bands in valence band maximum. (b) The energy dispersion along kz and in kx-ky 
plane where HH, LH, and CH represents heavy holes, light holes, and crystal-field split-off hole 
bands, respectively.[ Reprinted with Permission from Ref.[64]] 
 
 
In order to understand the optical properties of wurtzite GaN crystal the realization of 
momentum matrix are also required.[62] For diamond-structure materials such as Si, and Ge 
parabolic function is assumed for conduction band and 4×4 and/or 6×6 Hamiltonian are used to 
describe valence bands. For the valence band together with the conduction band, 8×8 
Hamiltonian can be used. For wurtzite GaN structure assuming 8×8 k.p Hamiltonian using the 
following basis functions: 
           , , , , 1/ 2 , , 1/ 2 , , , , , ,S S X iY X iY Z Z          (2.27) 
       1/ 2 , , 1/ 2 ,X iY X iY                (2.28) 
where  , , ,S X Y Z Relates with s , xp , yp , zp orbital functions, respectively and , 
are spin up and down functions, respectively. Later we will discuss that the light emission 
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polarization for a certain orientation is dependent on these basis.[37] The Hamiltonian would 
have the form 
                      
†
( )
cc cv
cv vv
H H
H k
H H
 
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 
,           (2.29) 
Where Hcc, Hvv, and Hcv are matrices (2×2, 6×6, and 2×6, respectively) describing conduction 
band, valence, and the interaction between conduction and valence bands, respectively with 
matrix elements as follows: 
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Where the parameters can be found as 
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Where 0,s pE  is energy levels for s, and p states for 0k  . 1 2,3,   are crustal-field and spin-orbit 
splitting, respectively. The momemtum matrix elements for parallel and perpendicular to c-
directions (
,P  ) can be expressed as 
  
0 0
,z xP S p Z P S p X
m m
  .         (2.34) 
Unlike zincblende structures, for wurtzite P  and P  are not normally the same. 
 In case of strained layers, the strain tensor plays an important role in Hamiltonian matrix 
elements, E-k relation, momentum matrix elements and as a result, optical polarization. Knowing 
the fact that valence band states mixing, the separation energy between the two valence bands 
CH1, CH2 and the effective mass ratio of these bands will have significant effect on quantum 
confinement, the 6×6 k.p Hamiltonian for valence band considering strain tensor would have the 
following form[65]
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Where the parameters can be found as 
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Here, Di, Ai, ki, and ϵij are deformation potentials, fitting parameters, wave-vector, and strain 
tensor, respectively. All the parameters and more extended discussion can be found 
elsewhere.[65]  
With technique similar to what we used in calculations of strain and polarization in 
subsection 2.2.1, the light emission polarization for InGaN/GaN in different planes can be 
understood by rotation of the coordinate system with respect to c-axis by an angle corresponding 
to their inclination angle. As demonstrated earlier in this section, the transformation matrix as a 
function of inclination ( ) and azimuthal angles ( ) would have the following form: 
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 The E-k diagrams calculated using the transformed coordinate system for valence band in 
In0.2Ga0.8N QWs for polar, nonpolar m-plane, and semipolar  1122  plane are shown in Figure 
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2.11 which is patterned after Ref.[37]. In the original plot which is in color (see the figure in Ref. 
[37]), red, green, and blue colors represent ' , 'X Y , and 'Z  states, respectively and mixed 
color represents mixed states. The strength of emission for any interband transition can be 
calculated from momentum matrix elements. For instance, in case of c-plane substrate 
orientation where the basis in valence band is made by mainly X iY states, momentum 
matrix element appears as follows[37]
 
             
2
( ) ( ) .e hf z f z S i X iY  .        (2.38) 
Here ( ) ( )e hf z f z  is the overlap between conduction and valence band wave functions. Since 
c-oriented structure has mostly X and Y states, the radiating dipole is in the x-y plane, which 
is the plane of the InGaN quantum well. In case of nonpolar m-plane, the first sub-band would be 
X -like ( 'X ) state, the second sub-band would be Z -like ( 'Y ) state and the Y -like ( 'Z ) 
state would be the final subband. In semipolar QW, due to strain anisotropy and shear strain, we 
can have mixed states X , Y , and Z -like states in valence band. Depending on the indium 
content and inclination angle of the plane, the polarization can be different. For  1122  
orientation for which the inclination angle is calculated in previous section to be 58   (see 
Figure 2.1), using the rotated coordinates, the first sub-band would be 'Y -like state, the second 
subband would be a mixed ' 'm X n Z -like state. The second sub-band may elevate and 
become the first for high indium content QWs as a result of enhancement of anisotropic 
strain[37] causing out of plane polarization. These theoretical predictions are supported by 
experimental data presented by Koslow et al.[66]. They have experimentally demonstrated that 
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the emission corresponding to out of plane polarization will be suppressed when using strain 
reduction layers for In0.4Ga0.6N/GaN structures on  1122  orientation. Therefore, based on 
reports of Refs.[37], [65], for InGaN/GaN structures with Indium content below 20%, the 
emitting dipole would be in-plane. The increase of the Indium composition will increase the out-
of-plane dipole contribution.      
 
Figure 2.11. Calculated valence band dispersion around the Г point for (a) c-plane, (b) m-plane 
and (c) semipolar  1122  In0.2Ga0.8N QWs with band gap of 2.7eV. Note that conduction band 
of GaN is assumed as zero potential. [Patterned After Ref.[37]] 
 
 
 
2.2.4. Indium Incorporation Efficiency 
One of the main challenges for development of green LEDs based on InGaN systems is highly 
defective layers due to poor indium incorporation efficiency for the conventional systems. Not 
only the large lattice mismatch between InN and GaN but also the difficulties in MOCVD 
growth of high Indium content InGaN structures (because of increase in possibility of indium 
desorption at elevated substrate temperature) have made the growth of high quality long-
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wavelength LEDs challenging.[37] In order to have high indium composition for a given 
orientation, growth temperature should be reduced to reduce the probability of Indium 
desorption.[37] While the surface diffusivity of adatoms at low temperatures is suppressed the 
quality of the InGaN layers degrades. Feng Wu et al.[67] demonstrated the reduction in 
recombination rate for longer wavelength devices (λ > 500nm) which has been attributed to the 
formation of I1 type BSF bounded by partial dislocations as revealed by observated increase in 
dislocation density by 3 orders of magnitude compared to the GaN template.[67]  
Besides the effect of growth conditions,[37] the indium incorporation efficiency is mainly 
determined by substrate orientation due to its dependence on strain[20] and surface atomic 
configurations.[21] This fact has made researchers eager to find an orientation that enhances the 
incorporation of indium into the InGaN layers. Theoretically, based on calculation of strain[20] 
and formation energy,[21] it has been demonstrated that among the semipolar and nonpolar 
planes of GaN, the nonpolar m-plane exhibits the lowest and semipolar plane with inclination 
angle of 60 has the highest indium incorporation efficiency. Experimental reports are also 
in agreement with the theoretical predictions indicating lowest indium incorporation for m-
plane[18], [22], [67]. Zhao et al.[22] reported that semipolar  1122  orientation with 58   to 
have the highest incorporation among all others with inclination angles above 60    (see 
Figure 2.12) which supports the theoretical prediction presented by Durnev et al.[20] 
Unfortunately, the results of comparison with c-plane (and other orientations with 60   ) is 
missing in experimental study by Zhao et al.[22].  
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Figure 2.12. Electroluminescence peak wavelength for 3nm single QW LED for (a)  2021 , 
 2021 ,  3031 ,  3031 , and m-plane at 780˚C of growth temperature and (b) for  2021 and 
 1122 at growth temperature of 830˚C. The inset demonstrate schematics of the planes used in 
the experiment. [Reprinted with Permission from Ref.[22]] 
 
Moreover, it has been shown that the incorporation of indium is also affected by surface 
polarity.[22] As examples, indium incorporation is found to be higher in case of  2021 , 
 3031 ,  and finally  0001  orientations compared to their metal-polar counterparts  2021 , 
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 3031 [22] (see Figure 2.12), and   0001 [68] with virtually identical strain conditions. This 
phenomenon can be explained by higher binding energy between In species and N-polar surface 
compared to Ga-polar surface which prevents the indium atoms from desorption as revealed by 
first principle calculation reported in Ref. [69].  
Density functional theory (DFT) calculation with pseudopotential assumption for InGaN 
layers with various orientations is performed to determine total energy [21], [70], [71]
 
and thus 
stability of the layers. Ga 3d, and In 4d electrons will be considered as core electrons in valence 
band for pseudo-potential assumption in this calculation. By calculating the difference in 
formation energy of surface states of GaN occupied by indium atoms, the relative stability of 
GaN surface can be understood using the following equation  
Ga Ga N N In InE n n n                (2.39) 
 
where  , E , and in  (i = Ga, N, In) are the difference in formation energy, total energy, and 
number of atoms, respectively and µ is the chemical potential[21], [72], [73]. Using the above 
equation, one can compare various orientations in terms of indium incorporation.  
Northrup[21], [73] compared theoretically the indium incorporation on  1122  and 
 1010  orientations for a relaxed In0.25Ga0.75N layer (see Figure 2.13). based on the relative 
energy curve versus chemical potential for  1122 substrate orientation, the indium can 
incorporate below the adlayer at much lower chemical potential than in case of m-plane 
(compare the chemical potential at which the black horizontal line crosses the colored tilted lines 
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in both orientations), which essentially means that growth is favorable for a wider growth 
condition window.[21]
 
 
Figure 2.13. Schematic representation of InGaN surface for (a)  1122 plane where A (Ga 
terminated surface), B, D, and E surfaces contain more indium atoms in turn, and (b)  1010
plane with P, Q, R, and S having more indiums successively. Note that green, gray and red atoms 
are indium, Ga, and N, respectively in this representation. Plots in (c) and (d) illustrate formation 
energy for different layers with respect to the reference sample for  1122 and  1010 samples, 
respectively. [Reprinted with Permission from Ref.[21]] 
 
 
As a conclusion to this subsection, Indium incorporation efficiency is another parameter 
which appears to be orientation dependent. The theoretical calculation suggests the highest 
incorporation into semipolar planes with 60  . Experimental data seems to agree with the 
theory that is studied for some substrates with inclination angles above 58º. Comparison with c-
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plane which is critical was not conclusive based on literature reports and will be discussed in 
more details in Chapter 4.  
Chapter 3 
3. Methods and Approach 
3.1. Overview 
Following the above discussion, the methodology for investigation of physical properties of 
polar, nonpolar and semi-polar light emitting heterostructures and their will be discussed in this 
Chapter. The general approach to systematic investigation of heterostructures on nonpolar and 
semi-polar crystallographic planes described in section 3.1 will be followed by developed 
methods classified into five main categories in section 3.2: Theoretical calculations, growth 
techniques, optical/structural characterization, fabrication, and electrical characterizations.  
Part of the work (mainly in material characterization and recombination dynamics parts) 
is being performed through an international collaboration with Otto-von-Guericke University of 
Magdeburg (Germany) and University of Montpellier-2 (France). The diagram in Figure 3.1 
illustrates the interactions and contributions of the teams participating in the Material World 
Network (MWN) project supported by NSF. 
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Figure 3.1. Contributions and interactions of the three teams for the Material World Network 
(MWN) project as part of the research being performed and will be proposed in this proposal. 
 
3.2. Investigation of polar, nonpolar, and semi-polar LEDs: A 
systematic approach      
Exploration of semi-polar GaN heterostructures in all aspects from physical and crystallographic 
properties to suitable growth conditions for high performance and device properties could only 
be performed through a systematic approach.  
Along with general aspect of systematic approach, we first demonstrate efficiency 
improvements by novel LED designs for c-plane orientations to overcome the efficiency 
degradations and understanding of the mechanisms limiting the device efficiency. Discussion of 
the challenges for conventional c-plane LEDs as well as nonpolar structures as alternatives will 
be brought into attention. The investigations of nonpolar structures and their limitations will 
guide us to semi-polar orientations as more promising candidates for efficient LEDs, particularly 
for long wavelength emitters. Among all the semi-polar planes, the attention will focused on two 
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planes due to their relatively low cost of preparation (through heteroepitaxy) and substantial 
potentials for improved long wavelength emitters. One of the semi-polar orientations obtained by 
heteroepitaxy will be chosen for further investigations as it features planar surface morphology 
unlike the other one that is obtained on patterned substrate.    
The systematic approach incorporates as necessary part the theoretical calculations 
followed by simulation of the desired structure design. Theoretical analysis provides the 
knowledge which is required before proceeding to any experiment. Thereafter, experiment 
comes to picture starting from growth procedures. Challenges related to material quality which 
caused by the presence of defects and their optical activity as well as effects on electrical 
properties have to be considered in association with methods to reduce the defect density in the 
layers. Methods of optical and structural characterization which include photoluminescence (PL), 
cathodoluminescence (CL) X-ray diffraction (XRD), and transmission electron microscopy 
(TEM), are used to evaluate the quality of the GaN layers grown with semipolar orientations. 
 Attaining high crystal quality of the GaN layers, we perform optical investigations in 
order to characterize the structures. Such investigations will also allow us to better understand 
the intrinsic properties of the orientation under study (and compare with theory) and evaluate the 
structure in terms of emission properties and efficiency. The fabrication and device 
characterization will be the next step. During this step, we will prepare n-type as well as p-type 
contacts on the layers which is required for electrical injection. Finally, electroluminescence for 
determination of external quantum efficiency (EQE) of the devices in relative and absolute 
scheme will be performed. The latter requires over-layer metal deposition followed by wire 
bonding. Design of device structures needs to be optimized for high efficiency devices with 
improved EQE retention at high injection levels. 
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 Various optical techniques are involved for parameter determination as another part of 
the approach. These parameters of interest include internal electric field perpendicular to growth 
plane as well as along structural defects (stacking faults), carrier diffusion constants, excitonic 
recombination, localization parameters, etc. Comparison of the obtained characteristics with 
those for the conventional c-plane structures is of great importance especially when supported by 
theoretical analysis. 
 During the following sections, the utilized methods and approaches classified into five 
groups will be treated in more details including theoretical calculations, growth techniques, 
optical/structural characterization, fabrication, and electrical characterization. The method 
descriptions will be followed by schematics in case it is necessary and will be referred in the next 
Chapters when discussing my contributions to the field and future proposed researches.       
3.3. Theoretical methods  
The first thing to start with before running any experiment is the theoretical calculations which 
help to design effective structures. Group theoretical calculations and simulation using Silvaco 
Atlas software are the main calculations tools required for this investigation. The former is used 
for determining optical transition parameters for different orientations and the latter is utilized 
for calculation of band structure and related parameters.  
Group theory methods are used to determine Bloch states, dispersion curves, optical 
transition probabilities, and oscillator strength for the InN-GaN and AlN-GaN quantum well 
systems grown on semi-polar and nonpolar orientations in comparison to c-plane. More detailed 
discussion of the theretical approaches and the assumptions made were provided in Chapter 2 
and will be discussed in more details for each case prior to experimental results in Chapter 4. 
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On the other hand, band structure calculations of the design structures are calculated 
using SILVACO Atlas simulation package. More information such as electron and hole 
wavefunctions and populations, position of quasi Fermi levels, and could also be extracted.  
However, in order to simulate the polarization charges in the interfaces (it can also be 
inserted as percentile of maximum calculated polarization) and carrier concentrations in each 
layer need to be inserted. The former requires calculations of spontaneous and piezoelectric 
contributions which are definitely reduced in case of semi-polar heterostructures compared to c-
plane based on polarization charge plots as a function of crystal inclination angle ( ) with 
respect to c-axis discussed in detail in Chapter 2. In literature reports, the value of polarization 
charge used for c-plane structures was 40-50% of the maximum calculated values without 
mentioning why this value was chosen. Thus, the choice of the polarization percentile requires 
more investigations and potential experiment which need a separate work for confirmation and 
will not be brought in this proposal. The carrier concentration is inserted based on values 
obtained from hall measurement performed on n-GaN and p-GaN layers grown in separate 
experiments. 
3.4. Growth Technique 
The layers have been grown in a vertical design low pressure metal-organic chemical vapor 
deposition (MOCVD) system, where trimethylaluminum (TMA), trimethylgallium (TMG), 
trimethylindium (TMI), and NH3 are used as Al, Ga, and In, N sources, respectively and H2 used 
as precursors. Triethylgallium (TEG) is another source of Ga which is used for the growth of 
high quality structures at relatively lower substrate temperatures, e.g. in case if InGaN growth 
which requires temperatures of the order of 700 C. SiH4 and CPMG are used as sources of Si and 
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Mg to dope structures n-type and p-type, respectively. The simplified schematics and the image 
of our MOCVD system are shown in Figure 3.2.  
 
 
Figure 3.2. (a) Simplified schematics and (b) photograph of our home-made vertical design 
MOCVD system at microelectronic materials and device laboratory (MMDL) at VCU. The 
system includes four main parts: loading chamber, reactor, Gas cabinet (not shown here), and 
exhaust. 
 
 The quality and surface morphology of the semi-polar GaN layers was examined with 
scanning electron microscopy (SEM), optical microscopy imaging, steady state and time-
resolved photoluminescence (PL), etc. Based on the analysis, the growth parameters such as 
substrate temperature, V/III ratios, and growth pressure are modified to optimize the growth 
conditions for the best optical and structural properties as well as surface morphology. 
 The research in this section of the project includes application and optimization of novel 
viable defect reduction techniques to obtain the favorable layer properties which is required for 
device application and investigations of intrinsic properties of the heteroepitaxial as well as 
homoepitaxial material systems. The MOCVD was used also to grow AlGaN/GaN quantum well 
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structures on non-polar m-plane free-standing substrates (see sub-section 4.3.2) provided by 
Kyma Tech. 
  
3.5. Optical and Structural Characterizations  
The characterization of the heterostructures on planar and patterned substrates have been 
performed with SEM and atomic forced microscopy (AFM) to study surface morphology of the 
films, X-ray diffraction (XRD) to examine structural quality as well as verifying the structural 
design, and steady state and time-resolved photoluminescence (PL) in order to investigate optical 
quality of the films. Cathodoluminescence (CL) measurements performed at Magdeburg using 
highly spatially and spectrally resolved CL system built around JEOL 6400 scanning electron 
microscope.[74] and Near field scanning optical microscopy (NSOM) measurements at low and 
room temperature (at VCU) were utilized to study defect distribution and optical activity of the 
defects as well as to see the uniformity of impurity and alloy incorporation in the structures. The 
NSOM setup were being performed using a Cryoview 2000 system (N anonics Imaging Ltd). 
The 325-nm line from a HeCd laser through a Cr-Al coated near-ﬁeld optical ﬁber probe with a 
100 nm aperture was used as an excitation source. During NSOM scans the distance between the 
sample surface and the NSOM tip was being controlled by a force feedback system. In order to 
perform NSOM photoluminescence intensity mapping, the light from the sample surface was 
being collected with a long working distance 50x UV-visible microscope objective and detected 
by a photomultiplier tube. A short-pass optical ﬁlter was used to block the HeCd laser light 
reflected from the sample surface. In order to spectrally analyze the detected light, long pass and 
band pass optical filters were used. 
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Wavelength-degenerate time-resolved differential transmission (TRDT) technique also 
will be used to study band-alignment of stacking faults (section 5.3 discusses the details of the 
proposed research that will be performed based on this technique). Figure 3.3 shows the typical 
setup for the degenerate TRDT experiment. These measuremens performed as follolws: each 
pulse emitted by frequency doubled mode-locked Ti:sapphire laser is split into two beams, the 
pump and the probe, where the pump is usually at least 10 times stronger than the probe. The 
pump beam is reflected from a retro-reflector mounted on a translational stage. The time delay 
between the pump and the probe is varied by changing the path length of the pump beam using 
the translational stage. Both the pump and probe beams are focused and overlapped on the 
sample. To eliminate the stray pump light on the detector, pump and probe beams are usually 
cross-polarized. The pump beam is usually modulated using a mechanical chopper, and the 
change in the probe beam transmission (ΔT) is measured by lock-in detection to improve the 
signal-to-noise ratio. In order to compute the differential transmission (DT ≡ ΔT/T0), the bare 
probe transmission (T0) is also measured by chopping the probe beam and using the lock-in 
amplifier when the pump beam is blocked. 
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Figure 3.3. Experimental setup of time-resolved differential transmission (TRDT). 
 
Figure 3.4 illustrates the unique equipment used for the characterization of defects related 
emissions using STEM-CL at helium temperatures at our collaborators’ lab (University of 
Magdeburg, Germany). Utilizing this setup, the optical properties of single basal plane stacking 
faults formed in a single nano-coloumn was explored for the first time in another work.
 
[75] This 
setup is also utilized in our work to study defect distribution and to identify type of defects and 
their optical properties. The STEM images and the corresponding CL intensity and wavelength 
mapps of the layers could also be used to evaluate the quality of the layers in terms of dislocation 
and stacking faults. 
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Figure 3.4. The actual image (left) and simplified schematics (b) of the low temperature 
(S)TEM-CL setup located in University of Magdeburg, Germany which is being utilized in order 
to study spatial features and defect distributions as well as their optical properties in our project 
as a collaboration at University of Magdeburg, Germany. 
 
Exploration of the optical, and structural properties of the polar, nonpolar and semi-polar 
structures which are critical for LED performance is carried out mainly by optical measurements. 
Moreover, nature of extended defects (stacking faults) and their optical activity, their effects on 
optical transitions as well as transport properties of the LED device based on the 
abovementioned characterization techniques will be treated in the following chapters. The 
preliminary results are presented in Chapter 4, and the future work is discussed in Chapter 5.  
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3.6. Fabrication Processes 
Mg p-dopant activation, mesa etching, metal deposition for n-type contacts followed by 
annealing, and finally p-type metal deposition are the main processes of LED fabrication. 
Normally, we form square mesa patterns (400×400 µm
2
) using conventional photolithography 
technique followed by Ti/Al/Ni/Au (30/100/40/50 nm) metallization annealed at 860 ºC for 60 
seconds for n-type ohmic contacts, and semi-transparent 5 nm/5 nm thick Ni/Au with 40 nm/50 
nm Ni/Au contact pads served as p-contacts. The mesa pattern is formed using mask aligner 
followed by dry etching in out inductively-coupled plasma (ICP) etching system. The metal 
deposition (Ti, Al, Ni, Au, etc.) is performed in an evaporator system. A rapid thermal annealing 
(RTA) system is utilized to anneal the contacts and also for ex-situ Mg dopant activation. Figure 
3.5 demonstrates the image of the systems used for fabrication processes (photolithography, dry 
etching, metal deposition and annealing) in our lab.  
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Figure 3.5. Images of (a) rapid thermal annealing (RTA) system, (b) mask aligner, (c) 
inductively coupled plasma (ICP) etching, and (d) e-beam evaporator systems which are utilized 
for the device fabrication at microelectronic materials and device laboratory (MMDL) 
cleanroom. The (d) inset in shows the opened evaporator chamber. 
 
3.7. Electrical characterization 
Some of the characterization methods including electroluminescence (EL), photo-current 
measurements have to be performed on the fabricated layers as they require electrical 
connections for carrier injection/detection. Relative and absolute external quantum efficiency 
(EQE) as a function of injection current can be obtained using integrated EL and will give us 
information about the efficiency peak, current density corresponding to peak EQE, and 
efficiency droop. Utilizing photocurrent setup as well as hall measurements will also be 
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informative when studying carrier transport properties as well as the effect of structural defects 
(mainly stacking faults) on electrical and optical properties of the layers.  
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Chapter 4 
4. Conventional c-plane GaN-based light emitting 
diodes: Efficiency improvements and Challenges 
4.1. Overview 
As mentioned, the conventional c-plane GaN-based LEDs suffer from efficiency limitations 
mainly at long wavelengths (the green gap) and at high injection levels (efficiency droop). For 
the past couple of years, our group has been working on understanding the causes of efficiency 
degradations leading to novel structure designs for efficient blue InGaN LEDs. Application of 
stair-case electron injectors[76] (SEI) with optimized design[77] instead of electron blocking 
layer (EBL)[78] and compared with EBL in terms of hole distribution and efficiency,[79] and 
optimization of multi-double-heterostructures (DHs) in the active region design (number and size 
of DH widths)[80] are some of the previous works done in our group to improve efficiency of 
LEDs in terms of reduction in carrier spillover, improving carrier injection symmetry, and to 
enhance overall efficiency. In this chapter, we will demonstrate some studies performed to 
understand and methods applied for realization of efficiency improvements. 
The Discussion will include understanding and estimation of carrier overflow as potential 
candidate for cause of efficiency droop (section 4.2), designs for reducing efficiency droop by 
improvement in carrier injection symmetry (Section 4.3), and methods to enhance indium 
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incorporation efficiency by minimizing compressive strain in InGaN layers (section 4.4). At the 
end, the limitations and alternatives (section 4.5) for the LEDs on conventional c-plane GaN 
substrates will be briefly pointed out.   
Despite of the improvements for conventional c-plane LEDs that will be demonstrated in 
this chapter, the abovementioned limitations are still significantly affecting device performance. 
Alternatively, nonpolar (Chapter 5) and semipolar (Chapter 6 and 7) structures will be presented 
in next chapters as candidate for high efficiency LEDs at green due to eliminated/reduced 
polarization-induced QCSE.  
 
4.2. Estimation of carrier spillover from photocurrent 
measurements 
4.2.1. Overview 
As mentioned above, recently, we have tried to take some steps toward improving LED 
efficiency especially at high injection levels by better understanding of the mechanisms behind 
efficiency droop. Different mechanisms such as Auger recombination,[81] electron 
overflow,[82]–[84] carrier delocalization and nonradiative recombination at defects,[85], [86] 
junction heating effects,[87] have been proposed to be responsible for this efficiency loss. 
However, among these proposed mechanisms, carrier overflow is considered to be one of the 
most possible one.  Carrier escape from the active region of devices in forward bias is known as 
carrier overflow (or also called carrier spillover). In reverse bias, however, it is termed as carrier 
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leakage. Calculation of carrier overflow from band structure simulation had already been 
reported in our group.[77] In this section, we demonstrate quantifications of the carrier leakage 
as well as correlation of the information derived from carrier leakage to carrier overflow for 
InGaN LEDs with quad (4x) double heterostructure (DH) active regions and various electron 
injector thicknesses.[88] The work presented in this section was leaded by Dr. Fan Zhang and 
Dr. Shopan Hafiz and I was mainly involved in MOCVD growth of the layers.    
4.2.2. Experimental Details 
As shown in Figure 4.1, the active region for all the structures used in this investigation was 
composed of four 3nm-thick In0.15Ga0.85N active regions separated by 3nm In0.06Ga0.94N barriers 
(quad 3 nm DH). A Si-doped (2×10
18
 cm
-3
) In0.01Ga0.99N underlying layer with designed 
thickness of 60nm was grown beneath the active regions for the sake of improving the quality of 
the overgrown layers. All the structures utilize a staircase electron injector (SEI) structure to 
enhance the efficiency of thermalization of hot carriers before reaching the active region. The 
SEI consists of two InGaN layers with each 30nm (Figure 4.1(a)), 20nm (Figure 4.1(b)), and 
4nm (Figure 4.1(c)) widths with 4% and 8% Indium compositions inserted below the active 
layers in the given order. The LED structures were capped with Mg-doped p-GaN layer with 
100-nm thickness and hole density of 4×10
17
 cm
-3
, as determined by Hall measurements on a 
separate sample grown as calibration. 
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Figure 4.1. Flat band conduction band schematic of the InGaN 4×3nm DH LEDs with two step 
30nm (a), 20nm (b), and 4nm (c) stair-case electron injectors (SEI) employed for estimation of 
carrier leakage from photo-current measurements. 
 
For devices, square mesa patterns (400×400 μm2) were formed by conventional 
lithography and chlorine-based inductively coupled plasma (ICP) etching. For n-type ohmic 
contacts Ti/Al/Ni/Au (30/100/40/50 nm) metallization annealed at 800°C for 60 s, and for the 
semi-transparent p-contact Ni/Au electrodes (5 nm/5 nm) was used (see Figure of the equipment 
in section 3.5). At last, 40/50 nm Ni/Au electrodes were deposited on part of the mesas as contact 
pads. 
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4.2.3. Experimental Results and Discussions 
I-V measurements for the three LED structures were performed with and without CW HeCd 
(wavelength 325 nm) laser excitation. No significant variation was observed for multiple devices 
measured across each LED sample. According to the plots in Figure 4.2(a) which demonstrates 
the representative data from all the devices measured, reverse current increases as the excitation 
density increases from 0 to 280 Wcm
-2
. This can be due to increased photo-current (as a result of 
carrier leakage). Thus, the rate of carrier leakage was calculated based on photo-current 
measurements. The injected carrier rate, on the other hand, was calculated using absorption and 
minority carrier diffusion profile of top p-GaN layer. The carrier escape (leakage) to generation 
rate ratio as a function of reverse bias voltage is plotted in Figure 4.2(b) for various excitation 
densities and for the three structures with schematics demonstrated in Figure 4.1. For identical 
bias voltage and excitation density, the percentage of carrier leakage increases with the increase 
of the SEI thickness. At -3V bias voltage and optical excitation density of 280 Wcm
-2
, for 
instance, carrier leakage percentile increased from 24 % to 55 % when SEI thickness was 
increased from 4 nm + 4 nm to 30 nm + 30 nm. 
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Figure 4.2. I-V measurements for structures under study in this subsection at different optical 
excitation densities (a) and the carrier leakage percentile (that is derived using escaped to 
generated carrier ratio) (b) for the layers with various SEI thicknesses. 
 
In order to have explanation for the observed increase in carrier leakage with increasing 
SEI thickness, we performed energy band structures simulation using Silvaco Atlas. As shown in 
Figure 4.3, by increasing the SEI thicknesses from 4 + 4 nm to 30 + 30 nm, the effective barrier 
that opposes the escape of photo-generated carriers from the active region reduces by 346 meV 
assuming that carriers are thermalized in the last active layer. 
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Figure 4.3. Simulated conduction band structure and position of quasi Fermi level for the LED 
structures with various SEI designs under thermal equilibrium (top) and under 3V reverse bias 
(bottom). 
 
There are two main mechanisms responsible for electron overflow (spillover) in 
semiconductor heterostructures. The first mechanism is thermionic emission of electrons that are 
thermalized in the active region over the barrier into the p-layer and the second one is the 
ballistic and quasi-ballistic transport of the electrons injected across the active region. 
Contribution of the first mechanism to the electron overflow is very small in the InGaN system 
owing to the large band discontinuities[76] and thus, ballistic and quasi-ballistic transport (the 
second mechanism) of hot electrons (non-equilibrium electrons) will be the dominating factor in 
estimation of electron overflow. 
Hot electrons escape from recombination in the active region passing from n-GaN to p-
GaN under forward bias. Under reverse bias, the LED structures were illuminated with HeCd 
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excitation (325nm excitation wavelength). This resulted in generation of electron-hole pairs both 
in the active region and throughout the whole structure depending on the penetration depth (83 
nm). Top p-GaN is the layer in which most of the carriers were generated and then electrons start 
to diffuse from p-GaN to n-GaN (diffusion length in p-GaN is 92 nm). Therefore, in reverse bias, 
the situation of carrier leakage is quite similar to carrier overflow in forward bias. As a result, the 
trend observed in this work i.e. the increase of carrier leakage with increasing SEI thickness will 
also be applicable for carrier overflow. 
4.2.4. Conclusions 
As a conclusion of this investigation, carrier leakage in InGaN LEDs with various 
electron injector designs (different thicknesses) was estimated from photocurrent measurements. 
Percentage of carrier leakage at -3V bias and 280 Wcm-2 optical excitation density increased 
from 24 % to 55 % by increasing SEI thickness from 4 nm + 4 nm to 30 nm + 30 nm. The 
photocurrent method is found to be applicable in estimation of carrier overflow in LEDs with 
different structural designs. 
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4.3. Improvement of carrier Injection symmetry and quantum 
efficiency of InGaN c-plane LEDs with Mg delta-doped 
barriers 
4.3.1. Overview 
As discussed earlier on mechanisms behind efficiency droop, one obvious cause of the efficiency 
rollover is the asymmetrical doping in GaN. Under electrical injection, this deficiency could 
result in an insufficient supply of holes to the active region. Since electron injection is typically 
much more efficient than hole injection, the radiative recombination cannot match with 
increasing carrier injection. This causes either carrier escape from the active region to p-GaN or 
accumulation in the active layers (which induces internal bias that opposes further carrier 
injection) both of which reduces radiative recombination efficiency. Moreover, in multi-well 
LEDs, as the wells near the n-type GaN contain relatively low density of holes owing to the poor 
hole transport, recombination mainly occurs in the wells adjacent to p-GaN.[89], [90] In order to 
address this issue, one may think of either increasing hole concentration in p-type GaN or p-type 
doping of the barriers in the multi-well systems.[84], [91]–[93] In case of applying the latter 
approach, there is a reduction in LED efficiency associated with the presence of Mg in the active 
region which has been manifested by diminishing band edge emission with increasing Mg 
content.[94]   
 In this section, we demonstrate Mg p-type δ-doping of the barriers with in order to 
improve the LED efficiency in which Mg was deposited in the middle of barrier growth while 
growth was interrupted.[95] This approach is helpful in reducing possible Mg diffusion into the 
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active layers which potentially reduce the deficiency associated with presence of Mg and 
improve the near band edge emission. The experimental data in this work are followed by results 
of numerical simulations of electron and hole concentrations in the active regions of LED 
structures. The work presented in this section was leaded by Dr. Fan Zhang and I was mainly 
involved in MOCVD growth, analysis and fabrications of the layers.   
4.3.2. Experimental Details 
Three InGaN LED structures emitting at ~430 nm on c-plane orientations were grown on n-type 
GaN/c-sapphire with 4 µm-thickness utilizing our MOCVD system (see section 3.3 for more 
information about growth technique). Two step SEI with each step 15nm-thick and 4% and 8% 
indium contents is grown underneath the active region to efficiently cool the injected hot 
electrons as mentioned in previous subsection.[10], [77] Similar to the structures presented in the 
last subsection, a 60-nm n-type (2×10
18
 cm
-3
) In0.01Ga0.99N as underlying layer was situated 
beneath the SEI to reduce the probability of strain relaxation in the active region due to its 
compliance action owing to its softer lattice compared to GaN. As demonstrated in Figure 4.4, all 
three LED structures contain hex (6x) 3-nm In0.15Ga0.85N double heterostructure (DH) active 
regions separated by In0.06Ga0.94N barriers. The barriers are designed to have relatively low 
height to help with the hole transport across the active region. The first two barriers close to n-
type GaN are 6 nm-thick while the remaining ones are designed as 3 nm-thick. The Mg δ-doping 
was applied in two of the LED structures in either one or both of the 6 nm-thick barriers. The 
third and last LED sample (reference), on the other hand, was grown without any Mg doping in 
the barriers. The first two barriers that are located closest to n-GaN layer were designed to be 
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thicker than the others to avoid possible out-diffusion of Mg from the p-type doped barriers into 
the active regions and thus reducing the LED efficiency. 
 
 
Figure 4.4. The flat-band conduction band schematic of 6×3 nm (hex 3nm) DH LEDs indicating 
the position at which Mg delta doping is applied for either only the first or the first two nearest 
barriers to the n-GaN layer (6nm-thick In0.06Ga0.94N). The rest of the barriers are kept 3nm thick 
and are unintentionally doped. A reference sample without any δ-doped barriers is used as 
comparison. [Reprinted with Permission from Ref.[95]] 
 
 
The p-type δ-doping with Mg was implemented as follows: the growth was interrupted 
after the deposition of 3 nm of the 6 nm-thick barrier was finished and the Cp2Mg source (as Mg 
precursor) was supplied to the reaction chamber for 20 seconds with flow rate of 100 sccm, 
followed by the growth of the rest of the barrier layer keeping the same growth conditions as the 
rest of the barriers. The hole concentration of 4×10
17
cm
-3
 in the doped barrier was estimated 
based on Hall measurements performed on separate δ-doped p-GaN thin film samples grown 
using identical growth conditions. No significant degradation of the optical performance of the 
LEDs with Mg δ-doped barriers as compared to the reference sample (without Mg δ-doped 
barriers) was observed from photoluminescence measurements performed under resonant 
excitation of the InGaN active regions[10] which reveals insignificant Mg out-diffusion to the 
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active region wells in amounts detrimental for the LED performance. Thereafter, Mg-doped p-
GaN layers with thickness of 100 nm and hole concentration of 6×10
17
 cm
-3
 was grown on top of 
the structures. Here again, the hole concentration is determined from Hall measurements 
performed on separate samples having identical experimental conditions.  
Similar to the experiment demonstrated in previous subsection, for this experiment, again 
we formed square mesa patterns (400×400 µm
2
) using conventional photolithography technique. 
Ti/Al/Ni/Au (30/100/40/50 nm) metallization annealed at 860 ºC for 60 seconds was used for n-
type ohmic contacts, and semi-transparent 5 nm/5 nm thick Ni/Au with 40 nm/50 nm Ni/Au 
contact pads served as p-contacts.  
4.3.3. Simulation Results and Discussions 
Electron and hole distributions were simulated using the Silvaco to verify the effectiveness of 
Mg δ-doping of barriers in improving hole injection. The simulation parameters appropriate for 
nitride material system was used for this calculation; Shockley-Read-Hall recombination 
coefficient 7 110A s , bimolecular recombination coefficient 10 3 110B cm s   , Auger 
recombination coefficient 30 6 110C cm s   , electron and hole motilities are assumed to be 250 
and 5 cm
2
 /V s, respectively, determined from measurements on separate samples, and 
polarization charge assumed to be 40% of the theoretical value.[79]
 
Figure 4.5(a) illustrates the 
electron distribution in the active layers of all three mentioned LED structures under injection 
current density of 35 A/cm
2
. As manifested in the figure, the distribution of electrons is relatively 
uniform in the reference LED as a result of efficient cooling of the injected electrons in the SEI. 
Moreover, it can be inferred from the simulation results that δ-doping of barriers does not have 
significant effect on the distribution of electrons while it increases substantially the hole 
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concentrations in the wells near the n-side in the active regions, as demonstrated in Figure 4.5(b) 
and discussed below. 
 
Figure 4.5. Numerical simulation results for Electron (a) and hole concentrations (b) (in 
logarithmic scale) and the energy band structures (c) for the reference LED (black, curve 0) and 
LEDs with one (orange, curve 1) or two (green, curve 2) Mg δ-doped barriers at an injected 
current density of 35 A/cm
2
 using SILVACO ATLAS. The dashed lines in (c) show the quasi-
Fermi levels. Left side of the figures are n-InGaN with 15 + 15 nm-thick SEI. The horizontal 
dotted line in (c) indicates the energy corresponding to the valence band maximum in p-type 
GaN. 
 
Owing to their relatively large effective mass and low mobility, holes transport deeper 
into the active region is impeded. Thus, even without considering hot electron overflow, 
radiative recombination is limited by the density of holes, as the minority carriers in the active 
region under bias. Under these conditions, as indicated in Figure 4.5(b), the hole distribution 
across the active region for the reference sample is very non-uniform. The holes seem to be more 
populated in the InGaN well closest to p-GaN, and the concentration decreases rapidly towards 
the n-side of the structure. Therefore, for structures with multi-well active region designs, 
electron and hole recombination happens mainly in the active layers adjacent to p-GaN. The rest 
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of the active region, however, lacks enough number of holes to have efficient recombination with 
the existing electrons. Mg δ-doping of the barrier closest to n-GaN greatly enhances the hole 
concentration in the nearby active regions (by nearly one order of magnitude) [Figure 4.5(b)], 
and thus reducing substantially the asymmetry of electron and hole concentrations and improving 
the recombination efficiency as a result. 
For the structure that includes two δ-doped barriers, the further enhancement of hole 
concentration in the active layers near n-GaN can be observed [Figure 4.5(b)], in particular in the 
second well closest to n-GaN resulting in further improvement in LED output power. In addition, 
δ-doping of barriers near the n-side of LEDs introduces band bending that provides more 
favorable hole transport across the active region. The simulated energy band structure for the 
three LED structures at a current density of 35 A/cm
2
 (see Figure 4.5(c)) indicates the effect of δ-
doping of the InGaN barriers closest to n-GaN on reduction of the effective barrier height for 
holes. According to the simulation results demonstrated in Figure 4.5(c), the effective barrier 
height for the holes with respect to the valence band maximum drops from 120 meV in the 
reference LED to 50 meV in the single barrier doped sample and further to -10 meV for the 
sample with first and the second barrier doped. At higher injection current density of 100 A/cm
2
 
(not shown), the effective barrier height reduces down to -40 meV and -80 meV for LEDs with 
one and two δ-doped barriers, respectively, while the corresponding value for the reference LED 
is as high as 70 meV. 
4.3.4. Experimental Results and Discussions 
To experimentally illustrate the effect of p-type Mg δ-doping of InGaN barriers on LED 
performance, we performed electroluminescence (EL) measurements on the samples under 
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pulsed excitation with 0.1% duty cycle to eliminate heating effects. The results of EL intensities 
and relative external quantum efficiencies (EQEs) are demonstrated in Figure 4.6(a). It can be 
clearly observed in the plots shown in Figure 4.6(a) that layers with δ-doped barriers exhibit 
higher integrated EL intensities at high current injection levels (>50 A/cm
2
), indicating no 
significant material degradation as a result of Mg out-diffusion and incorporation to the active 
regions compared to the reference structure. The peak relative EQE for the LED with single δ-
doped barrier is about 20% higher than that for the reference LED structure (see Figure 4.6(b)). 
However, the δ-doping of the second barrier in addition to the first one adjacent to the n-side of 
the structure did not result in a significant enhancement of the peak EQE. This can be due to 
slight degradation of the active region quality caused by increase in the amount of Mg 
incorporated into the structure which partially negates an additional improvement resulting from 
enhancement of hole injection induced by δ-doping of the barrier. It is noteworthy to mention 
that LEDs with δ-doped barriers exhibit lower efficiency degradation percentile (14% at 400 
A/cm
2
) with increasing injection level compared to the reference LED (23% at 400 A/cm
2
). 
Moreover, the EQE roll over for the δ-doped barrier LEDs occurs at higher injection current 
densities (120 A/cm
2
 ) compared to that for the reference structure (80 A/cm
2
). For a given active 
region design of a LED, the more the roll-over current density, the more improved is the hole 
supply and injection symmetry. This is due to the fact that the electrons start to escape from the 
active region when hole injection cannot keep up with the electron supply and thus causing the 
reduction in the LED efficiency. After all, these findings suggest that, in addition to 
enhancement of the peak EQE, improved hole injection and thus carrier injection symmetry 
partly suppresses the efficiency degradation at high injection levels. 
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Figure 4.6. Integrated EL intensities (a) and the relative EQE (b) as a function of injected current 
density for the three LEDs under investigations in this study. 
 
4.3.5. Summary and Conclusions 
 
 As a conclusion to the presented work in this subsection, the p-type δ-doping of barriers with 
Mg significantly improves the quantum efficiency of LEDs with multi-well active region 
designs. The improvement of 20% in EQE for the barrier doped samples compared with the 
reference structure which is supported by numerical simulation results is found to be due to 
enhanced hole injection and more symmetrical carrier injection to the active regions. However, 
Mg delta doping of an additional barrier on the n-GaN side induces only a small increase in the 
peak EQE in contrast to the simulation results. Seemingly, the slight degradation of the active 
region quality induced by more incorporation of Mg in case of structure with dual δ-doped 
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barrier partially negates the additional improvement expected as a result of enhanced hole 
injection. 
 
4.4. Enhancement of indium incorporation to InGaN MQWs 
on AlN/GaN periodic multilayers 
4.4.1. Overview 
One promising approach to improve the In incorporation and thus efficiency of long wavelength 
InGaN emitters is tailoring strain in InGaN heterostructures through modification of in-plane 
lattice parameter of buffer layers for strain-compensation and/or enhanced indium incorporation 
efficiency. Application of GaN buffer layer under tensile strain reduces the total strain of the 
structure and thus improve radiative recombination efficiency of the InGaN active layers while 
the situation is opposite in case of compressively-strained GaN under-layer. On the other hand, 
amount and sign of strain in InGaN heterostructures has a strong effect on indium incorporation; 
tensile strain enhances while compressive strain reduces the incorporation efficiency.[96], [97] 
Even though increase in compressive strain could significantly improve performances for certain 
applications[98], in light emitting devices the increase in compressive strain reduces indium 
incorporation and enhance polarization-induced QCSE at the same time.[97], [99] Strain re-
laxations, on the other hand, improves the indium incorporation efficiency but at the expense of 
reduced radiative recombination efficiency due to defect generation.  
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In this section, we explore the effect the strain in underlying layer on indium 
incorporation and polarization-induced QCSE in InGaN multi-quantum well (MQW) active 
regions.[100] We also demonstrate that a variety of emission wavelengths, from purple to green, 
can be achieved by modifying only amount of strain in the templates.   
4.4.2. Experimental Details   
The structures were grown using our MOCVD system (see section 3.3 for more 
information about growth technique). In this work, InGaN active regions were grown 
concurrently on the same holder on strained 10-pair AlN/GaN periodic multilayers and GaN 
templates, which were prepared by in situ epitaxial later overgrowth through SiNx nanoporous 
mask[101], [102]. The GaN and the multilayer templates were located at the same radial 
positions to avoid any possibility of radial temperature non-uniformity affecting indium 
incorporation and to ensure fair comparison of indium incorporations. For these experiments, we 
used two different AlN/GaN templates with different strain conditions (see Figure 4.7): (1) 
periodic multilayer 1 (ML1) composed of 14-nm AlN and 4.5-nm GaN and (2) multilayer 2 
(ML1) composed of 14-nm AlN and 2.5-nm GaN. The InGaN active regions consisted of ten 3-
nm In0.15Ga0.85N QWs separated by 8-nm In0.02Ga0.98N barriers (the indicated compositions are 
nominal) have been grown side by side on the relaxed GaN and strained ML templates in two 
separate growth runs. Thus, 4 samples were involved into this investigations; the active regions 
of samples A  and C were grown at substrate temperature of 810ºC on relaxed GaN and strained 
ML1, respectively, while samples B and D were deposited at substrate temperature of 790ºC on 
relaxed GaN and strained ML2 (See Table 4.1). The schematics of the structures are shown in 
Figure 4.7. 
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Figure 4.7. (Color online) Schematics of the InGaN multi-quantum wells structures with 
nominal compositions grown on (a) relaxed GaN and (b) strained AlN/GaN multilayers.[100] 
 
Table 4.1. Descriptions of samples used for studying the effect of strain on indium incorporation 
efficiency.[100] 
 
High resolution X-ray diffractometry (XRD) was utilized to evaluate the interface quality and 
to verify layer thicknesses in the AlN/GaN periodic multilayers and determine the degree of 
relaxation of GaN layers. The surface morphologies of the periodic multilayer templates were 
studied using atomic forced microscopy (AFM). The optical properties of the InGaN active 
layers were characterized using steady-state photoluminescence (PL) and time-resolved 
photoluminescence (TRPL) using a frequency doubled Ti-sapphire laser with 150 fs pulse width 
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and period of 12.5 ns as an excitation source. A Hamamatsu streak camera was used for the 
TRPL measurements and to study the temporal evolution of emission lines and the QCSE 
induced shift in the emission wavelengths. The peak positions of the PL emission lines at the 
highest excitation (immediately after the pulsed excitation in time-dependent PL measurements) 
were used to assess the actual indium contents in the QWs.     
4.4.3. Determination of Strain 
The ω-2θ HRXRD scans (see Figure 4.8) reveal multiple satellite peaks indicating smooth 
interfaces between the AlN and GaN multilayers. The ML period defined as tAlN + tGaN, (where 
tAlN and tGaN represent respectively the thickness of AlN and GaN) was found to be about 18.5nm 
and 16.5nm for ML1 and ML2 structures, respectively. The thicknesses of individual AlN and 
GaN were determined by fitting simulated HRXRD patterns to the measured ones. The results of 
simulations also indicate that the degree of relaxation of AlN and GaN layers are 100% and 60%, 
respectively, in ML1 (Figure 4.8 (b)) and are 100% and 0.0% in ML2 (Figure 4.8 (c)).  
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Figure 4.8. (Color online) (a) Measured ω-2θ HRXRD patterns from both AlN/GaN periodic 
multilayers used in this study. Large number of satellite peaks is indicative of relatively smooth 
interfaces between the AlN and GaN layers. The simulation results and fitting curves for the 
structure ML1 (b) ML2 (c) indicate degree of relaxation of 100%/60% and 100%/0.0% for 
AlN/GaN in ML1 and ML2 , respectively.[100] 
 
  The in-plane lattice parameters, a , and amount of strain in GaN layers in the multilayers 
were calculated [103] using the degrees of relaxation ( R ) obtained from the analysis of HRXRD 
patterns under assumption that the degree of relaxation in 14-nm AlN layers is 100%  
                                      100%s
l s
a a
R
a a

 

            (4.1) 
where AlNa , 
b
GaNa , and 
f
GaNa  are the in-plane lattice constants of AlN acting as a substrate for 
thin GaN layers, bulk GaN, and measured in-plane lattice constants of the layer (GaN), 
respectively. Therefore, strain in GaN layers can be calculated as follows [103], [104]  
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The calculated values of strain in the periodic multilayer structures as well as the GaN template 
are summarized in Table 4.2.  
 
Table 4.2. Calculated strain for the relaxed GaN and AlN/GaN multilayers.[100]  
 
4.4.4. Surface Morphologies 
The AFM images of ML1 and ML2 layers are shown in Figure 4.9. The surface of both 
multilayers are found to contain micro-cracks and some surface undulations. The structure with 
thinner GaN thickness (ML2) exhibits smoother surface morphology despite having weaker 
satellite peaks in XRD data in Figure 4.8. The weaker satellite peaks in ML2 could also be due to 
thinner GaN layers compared to that in ML1 structure.     
109 
 
 
Figure 4.9. (Color online) The 5µm×5µm AFM images of (a) ML1 and (b) ML2 structures.[100] 
 
The origin of the surface undulations in the periodic multilayer structures may also be related 
to strain relaxations. On the other hand, the surface undulation by itself will facilitate strain 
relaxations in the overgrown InGaN MQWs for samples C and D. In this case, the relieve of 
compressive strain in InGaN layers should enhance the indium incorporation according to  the 
published data reporting the negative effect of compressive strain on indium incorporation [96], 
[97], [99] 
 
4.4.5. Optical Properties 
 Room temperature PL spectra from the InGaN MQWs structures grown on relaxed (samples A 
and B) and compressively strained (samples C and D) templates are shown in Figure 4.10 (a). It 
worth to restate here that the active regions of A and C structures are grown at 20ºC higher 
substrate temperatures (810 ºC) compared to those of B and D (790 ºC). Thus, the difference in 
observed PL peak positions for samples A and B is related to the difference in substrate 
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temperatures. Nevertheless, the data clearly show longer emission wavelengths for the structures 
grown on AlN/GaN multilayers (C and D) compared to the ones on relaxed GaN (A and B). 
Moreover, significantly longer emission wavelength for sample D with thinner GaN layers in the 
multilayer template compared to sample C (2.5 nm vs. 4.5 nm) can be attributed to higher value 
of strain in the GaN causing deeper strain relaxation in InGaN layers. Another interesting finding 
is the comparable integrated PL intensities from InGaN MQWs of different emission wavelength 
on strained periodic multilayers and GaN templates. Figure 4.10 (b) shows selected emissions 
from the InGaN active regions of the samples in this study. Interestingly the layer emissions 
cover a wide wavelength range from purple to green. It is intriguing to see that using 
modification in mainly strain (with only 20 ºC change in substrate temperature in InGaN growth 
stages), one can obtain light emission in variety of wavelengths from purple to green.  
 
Figure 4.10. (Color online) Room temperature photoluminescence (PL) comparison from InGaN 
MQWs grown on GaN (A and B) and AlN/GaN multilayers (C and D). The thicknesses of GaN 
in the multilayer are 4.5nm (C) and 2.5nm (D). (b) Selected normalized PL spectra for InxGa1-xN 
QWs with 0.14, 0.21, and 0.30 InN molar fractions obtained mainly by modifying strain 
relaxations using AlN/GaN MLs.[100] 
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 Room temperature PL transients integrated over active region emission for the structures 
under investigation are displayed in Figure 4.11. The data indicate single exponential decay for 
InGaN MQWs grown on relaxed GaN templates (samples A and B), while the decay is bi-
exponential for the structures grown on MLs (samples C and D). The longer decay times for the 
layers C and D compared to A and B can be attributed to larger spatial separation of electrons 
and holes wave function for the active regions with higher indium content. The double 
exponentional decay behavior for InGaN MQWs on MLs (C and D) can be attributed to presence 
of localization sites with different indium contents while the indium distribution is uniform in the 
MQWs grown on the smooth GaN templates. This observation is in agreement with the dot-like 
surface morphologies revealed by the AFM for the active regions grown on the periodic 
multilayer templates (not shown).    
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Figure 4.11. (Color online) Room temperature PL transient (integrated over active region 
emission) comparison of InGaN multi-quantum well structures grown on GaN (A and B) and 
AlN/GaN multilayers (C and D). The solid lines indicate the single exponential (A and B) and 
bi-exponential (C and D) fitting of the data. The thicknesses of GaN in the multilayer structures 
are 4.5nm (for layer C on ML1) and 2.5nm (for layer D on ML2).[100] 
 
4.4.6. Determination of Indium Contents 
While the effect of strain on InGaN growth rate was found to be negligible based on HRXRD 
data, there are two main parameters contributing to the large difference in PL emission 
wavelengths: strain induced enhanced band bending and corresponding shift in the emission 
wavelength and increased indium incorporation. Therefore, a reliable separation of these 
contributions is imperative for the correct interpretation of the experimental findings.  
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In order to evaluate the above-mentioned contributions to the observed emission 
wavelengths, we performed ultra-fast optical spectroscopy on the layers using pulsed excitation 
and compared the emission wavelengths at pulse arrival and when photo-excited carrier 
concentration was significantly reduced through carrier recombination. For the used excitation 
power density and pulse width, the estimated density of photo-generated carriers at the peak is 
19 34.54 10n cm   which results in complete screening of the polarization induced electric field. 
With time, the carrier density reduces due to recombination and thus, the screening effect 
gradually vanishes. As a result, the band bending and associated separation of electron and hole 
wavefunctions increase. Therefore, time evolution of PL spectra allows one to isolate the 
contribution to the redshift of emission lines associated with the presense of the polarization 
field. Figure 4.12 compares the 300-K PL spectra recorded for the highest and the lowest photo-
excited carrier concentrations for all the samples investigated. The structures grown on MLs 
(samples C and D) exhibit significantly larger red shifts ( E ) with reducing photo-generated 
carrier density compared to the structures on the relaxed GaN templates (samples A and B).  
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Figure 4.12. Room temperature PL spectra for the highest and the lowest photo-generated carrier 
density in InGaN MQWs on relaxed GaN (A and B) and AlN/GaN MLs (C on ML1 and D on 
ML2) recorded using ultra-fast optical spectroscopy. The PL spectrum tends to shift to longer 
wavelengths with increasing the delay time. This shift is much more pronounced for MQWs on 
MLs (C and D) compared to those on relaxed GaN (A and B).[100]    
 
The average indium compositions in InGaN active regions were determined from the PL 
peak positions at the highest photo-generated carrier concentrations, which eliminated the 
contribution from the internal electric field. Considering the quantum confinement, the PL 
emission energy can be written as  
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                                                               ( )InGaNPL g ConfinementE E x E          (4.3) 
Where PLE   denotes the MQW PL peak emission energy,  and ( )
InGaN
gE x  is the InGaN bandgap 
calculated using[105], [106] 
                                              ( ) (1 ) (1 )
InGaN InN GaN
g g gE x xE x E bx x            (4.4) 
Where b  is the bowing parameter, 
InN
gE  and 
GaN
gE are the room temperature bandgaps for InN 
and GaN, respectively. The bowing parameter ( b ) is assumed to be dependent on indium content 
as predicted by Moses et al.[107] The bandgap values of 0.7 eV [108] and 3.42 eV [104] were 
used in the calculation for InN and GaN, respectively. The confinement component of the PL 
emission energy ( ConfinementE ) can be found considering solution for ground state energy of 
electrons and heavy holes in a finite rectangular potential well having width of 3.0L nm .[109] 
The calculated indium concentrations are shown in Table 4.2 together with the PL 
emission properties including the redshift associated with polarization-induced QCSE. It can be 
inferred from the data shown in Table 4.3 that high indium content (up to green emission) can be 
achieved with no significant drop in the integrated PL intensity by employing of AlN/GaN MLs. 
The results obtained for AlN/GaN periodic MLs with 60% and 0.0% relaxation GaN layers 
reveal 6.7 % and 14.5 % higher indium contents, respectively, for the structure grown on MLs 
compared to those grown side by side on relaxed GaN layers. 
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Table 4.3. Estimated parameters, PL properties, and calculated indium contents for the structures 
used in this investigations emitting from purple to green.[100] 
 
4.4.7. Summary of Findings 
In summary, employment of AlN/GaN periodic MLs is found to efficiently enhance indium 
incorporation efficiency in the InGaN MQWs by promoting the strain relaxations. The 
inhomogeneity of indium distribution cannot be ruled out. The indium contents in the active 
layers on the periodic multilayers with two different values of compressive strain in GaN (1.11% 
and 2.78 %) were found to be higher by absolute composition values of 6.7 % to 14.5 % 
compared to the layers grown side by side on relaxed GaN templates (0.0% strain). The 
enhanced indium incorporation could be originated from the role of AlN/GaN MLs as strain 
relaxation layer for the overgrown InGaN MQWs reducing the compressive strain. Presence of 
deep and shallow band-gap regions due to spatial non-uniformity of indium distribution could 
also be assumed due to bi-exponential decay behavior of PL transients as well as surface 
undulation for active layers grown on MLs (C and D). The optical properties (integrated PL) of 
the structures containing high indium contents (> 20%) were not significantly degraded. Efficient 
PL emissions from purple to green was obtained using this approach which could be a potential 
candidate to alleviate the efficiency limitations for long wavelengths emitters.    
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4.5. Limitations and Alternatives 
Despite of great improvements of c-plane LED performance and attempts to understand and 
reduce the efficiency degradations at high injection levels and long wavelengths (mentioned in 
previous sections), the efficiency of LEDs are still limited due to polarization induced quantum 
confined Stark effect (QCSE), especially for emitters emitting at long wavelengths. One solution 
is to reduce the total strain of the structures (as partially shown in section 4.4) and thus 
piezoelectric polarization by means of strain compensating layers[110], [111] or to grow the 
layers on nonpolar planes of GaN in which the spontaneous and piezoelectric polarization are 
absent.[112], [113] The latter solution will be more effective in efficiency improvement as it 
completely eliminates the polarization induced electric field. Moreover, the growth on nonpolar 
planes has been demonstrated to be strongly polarized[113] compared to un-polarized emission 
in case of c-plane. 
 The change in substrate crystallographic orientation (which is required for growth of 
nonpolar heterostructures) could provide many new concepts as well as challenges which opens 
a whole new window to study and understand the potential new properties. The possibility to 
have enhanced indium incorporation in other crystallographic planes, polarization charge, optical 
anisotropy, potential designs based on nonpolar structures to diminish efficiency droop along 
with growth challenges are some of the subjects to be considered when studying nonpolar and 
semipolar LEDs. In next chapters, a systematic analysis of growth, characterization and 
realization of theoretical predictions for nonpolar and semipolar structures will be provided in a 
way described fully in chapter 3 (in methods and approaches).   
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Chapter 5 
5. Nonpolar GaN-Based Light Emitting Structures 
5.1. Overview 
As mentioned earlier, there is a great interest in nonpolar GaN substrates[16], [44], [112]–[117] 
for light emitting heterostructures owing to the absence of spontaneous and piezoelectric 
polarization. Unlike the structures grown in [0001] direction in polar wurtzite material, in the 
case of the wurtzite crystal with nonpolar orientation, there should be no polarization charges 
appeared at the quantum well interfaces. Therefore, the band structure should remain unaffected 
by the polarization field in the nonpolar structures. In this sense, GaN of nonpolar orientations 
holds great promise for new material physics and the production of LEDs with high efficiency 
and high power.  
 However, there is a lack of suitable substrates for growth of the nonpolar GaN epilayers. 
GaN freestanding substrates with nonpolar orientations are available but expensive, small in size, 
and of low crystal quality. Hence, there is a great interest in growing nonpolar GaN with reduced 
defect density on low-cost substrates such as Si and Sapphire. In this section, our investigations 
on nonpolar m-plane GaN and heterostructures on both native and foreign substrates (patterned 
Si (112)) will be demonstrated. 
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5.2. Nonpolar m-plane GaN on Si substrate; a two-step 
growth method 
5.2.1. Overview    
In this section, our attempts toward quality improvement of nonpolar GaN layers on patterned Si 
 112 have been considered. Based on the previous studies done in our group[115], [118] we 
demonstrate here the significant effect of the reactor pressure during metal-organic chemical 
vapor deposition (MOCVD) on the GaN growth on Si  112 patterned substrates.[119] It turns 
out that a low reactor pressure of 30 Torr is necessary for the the  1100 top facets (for m-plane 
GaN) to be formed. However, enhanced carbon incorporation into the layers as a result of the 
low-pressure growth led to poor optical quality of the non-polar material, which demonstrated 
low PL intensity and fast non-radiative recombination rate.[118]
 
The contribution in this 
subsection reports on a two stage growth method that is developed with the aim of improving 
optical quality of  the m-plane GaN on Si  112  substrates. The procedure involves a low 
pressure (30 Torr) first stage followed by a high pressure (200 Torr) GaN overgrowth. As 
mentioned, the former is to ensure formation of the m-plane facet while the latter is utilized to 
enhance optical properties of the layers. 
5.2.2. Experimental Details 
Nonpolar m-plane GaN layers were grown by MOCVD (see section 3.3. for images and 
schematic of our home-built MOCVD system) on patterned Si  112 substrates. The patterning 
of the Si (112) is to form grooves aligned parallel to the <110> Si direction. Details of the 
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substrate patterning procedures and preparation is described elsewhere.[115] In this study, 
MOCVD growth was performed at an NH3 flow rate of 500 sccm, a TMG flow rate of 16 sccm, 
and a substrate temperature of about 1030 ºC. As discussed above, the m-plane layers were 
grown using a two-step growth procedure. Another  1100 GaN (m-GaN) sample was grown in 
one step at a pressure of 30 Torr as a reference. 
m-plane GaN layers were characterized by scanning electron microscopy (SEM), near-
field scanning optical microscopy (NSOM) at room temperature, steady-statephotoluminescence 
(PL) with He-Cd laser excitation (325 nm wavelength), and cathodoluminescence (CL) at 6 K. 
For details about the measurements setups see section 3.4.  
Figure 5.1 shows a cross-sectional SEM imgae of the non-coalesced GaN stripes grown 
on the patterned Si (112) substrate. GaN growth started on the Si{111} sidewalls and then 
advanced laterally first along the Ga-polar [0001]  direction (c+ wing) and then, once the vertical 
growth had advanced above the level of Si(112) surface, also along the N-polar [0001]  direction 
(c− wing). As seen from Figure 5.1, the c+ wing is much wider than the c− wing. This is due to 
the fact that the growth rate of GaN in the c+ direction is much higher than that in c− direction. 
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Figure 5.1. Cross-sectional SEM image of the nonpolar m-plane GaN grown on patterned Si 
(112) substrate. The c
+
 and c
-
 wing regions are indicated in the figure.[119] 
 
5.2.3. Optical and Structural Characterization 
Figure 5.2(a) demonstrates comparison of room-temperature PL spectra from the m-plane 
GaN samples grown in two steps (30 + 200 Torr) and the reference one grown at a low pressure 
of 30 Torr. In this plot, the spectra from semipolar  1101 GaN (s-plane) layer grown on 
patterned Si (001) substrate at 200 Torr[120] and polar c-plane GaN layer grown on the state-of-
the-art GaN templates using in-situ epitaxial lateral overgrowth (ELO) technique applying a SiNx 
nano-network mask to block defect propagation[101] are also brought for comparison. It can be 
inferred from the plot that the m-plane GaN layer grown at low pressure shows rather weak near 
band edge emission (NBE) and a strong defect-related deep level emission at around 550 nm. 
The shoulder that appears at 373 nm is related to excitons bound to prismatic stacking faults 
(PSFs). The sample grown in two steps, on the other hand, demonstrates improved optical 
quality compared to the single step (at 30 Torr) grown m-plane GaN with higher PL intensity by 
a factor of 3 and considerably lower intensity of the deep level emission. However, the emission 
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from m-plane GaN is still more than one order of magnitude lower compared to that of the 
semipolar GaN grown under the similar conditions. Our investigations on growth of semipolar 
 1101 -plane GaN on patterned Si (001) will be discussed in details in Chapter 6. 
 
Figure 5.2. (a) Room-temperature steady-state PL spectra for m-plane GaN layers grown at 30 
Torr (blue) and in two steps (30 Torr followed by 200 Torr) (green). The spectra from c-plane 
GaN nano-ELO layer (gray) and  1101  GaN semipolar sample (orange) are also demonstrated 
for the sake of comparison. The plots in (b) indicate the PL spectra at low-temperature (15 K) for 
m-plane GaN layers grown in 30 Torr (blue) and using two step growth approach (green).[119] 
 
Figure 5.2(b) presents PL spectra at 15 K measured for the two m-plane samples: low-
pressure sample and the sample grown in two steps. In addition to narrow donor-bound exciton 
emission line (D
0
X) at 357.6 nm, the low-pressure sample demonstrates a strong peak at 380 nm 
related to PSFs followed by its phonon replicas at longer wavelengths and a shoulder of the D
0
X 
line at about 362 nm which can be assigned to basal stacking faults (BSFs).[121] in the spectrum 
of the two-step-grown sample, a broad NBE emission line at 356.4 nm can be observed, while 
PSF-related emission line can be seen only as a weak shoulder. 
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Low-temperature cathodoluminescence (CL) data are in good agreement with the low 
temperature PL results demonstrated above. Figure 5.3 illustrates spatially integrated CL spectra 
measured for the m-plane GaN layer grown at low pressure (Figure 5.3(a)) and for the one grown 
in two steps (Figure 5.3(b)). The first spectrum shows a strong donor-bound exciton emission 
(D
0
X) line followed by a peak associated with prismatic stacking faults (PSF)[121] and its 
phonon replica, and a deep level yellow emission (YE) band at ~560 nm central wavelength 
(Figure 5.3(a)). On the other hand, the spectrum in Figure 5.3(b) that is from the sample applying 
two step growth approach is composed of a strong and broad NBE line and the deep level YE 
band which is quite different from the CL spectrum demonstrated in Figure 5.3(a). Selected-area 
CL spectra (not shown) reveal that NBE line from the layer grown in two steps is broad as it is 
composed of D
0
X lines and electron-hole plasma emission. Another interesting point is that there 
is no sign of stacking fault-related emission in the CL spectra of the sample grown in two steps 
shows (Figure 5.3(b)), and there is simply a weak shoulder which can be assigned to PSFs 
(Figure 5.3(b)). As we have reported earlier,[115] high density of stacking faults in the c− wing 
regions of m-plane GaN is present as revealed by spectrally and spatially resolved CL studies.  
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Figure 5.3. CL spectra measured at low-temperature (6 K) for the samples grown (a) at low 
pressure and (b) in two steps (low pressure + high pressure).[119] 
 
In order to investigate on PL intensity distribution in the c+ and c− wings of the nonpolar 
m-plane GaN layers, micro PL and NSOM measurements were performed. Figure 5.4(a) shows 
the µ-PL spectra from c+ and c− wings of the m-plane GaN layer grown in two steps, where the 
intensity of PL emission from c+ and c− wing regions is almost the same. Figures 5.4(b) and (c) 
show the spatial distribution of PL intensity integrated for near band edge emission (NBE) and 
yellow emission (YE), respectively, measured by NSOM over the surface of the m-plane GaN 
layer grown in two steps. The results of NSOM measurement are in agreement with the micro PL 
data showing that distribution of PL intensity indicates no clear difference between the c+ 
and c− wings. 
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Figure 5.4. (a) Room-temperature micro-photoluminescence spectra for m-plane GaN layers 
measured on c+ (blue) and c− (wine) wing regions. The micro-PL spectra of c-plane GaN nano-
ELO layer (gray) and  1101 -oriented semipolar GaN sample (orange) are illustrated for 
comparison.  NSOM images obtained at room-temperature from the nonpolar m-plane GaN 
sample grow in two steps with the scan area of 20 × 20 µm demonstrating local intensity 
distribution in the linear scale for (b) near-band edge (NBE) integrated between 350-370nm and 
(c) yellow emissions (YE) integrated above 450nm . Dashed lines in the images indicate the 
boundaries of GaN stripes.[119] 
 
To further probe the spatial distribution of intrinsic as well as defect related optical 
processes, c+ and c− wing regions of the m-plane GaN stripes were directly imaged utilizing 
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highly spatially and spectrally resolved CL microscopy. Figure 5.5(a) represents a cross-
sectional SEM image of the m-plane sample grown in two steps. CL wavelength image that 
shows the distribution of the local CL peak wavelength is illustrated in Figure 5.5(b) which 
clearly indicates that yellow emission (YE) centered at 550 nm dominates the near-surface 
regions in the middle of the GaN stripes. This is visible as yellow-green triangular areas located 
below the surface on Figure 5.5(b). As seen from Figure 5.5(c) and (d), that are CL intensity 
image integrated in the NBE and YE regions, respectively, spatial distribution of CL intensities 
of NBE and YE are locally anti-correlated, meaning that for instance, no NBE is observed where 
the YE dominates. As the YE is known to be mainly due to presence of point defects, we expect 
these regions to contain high density of point defects. As the formation of the mentioned 
defective regions can be related to the growth evolution, the investigations of initial stages of the 
epitaxial growth are necessary to shed light on their origin. 
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Figure 5.5. (a) Cross-sectional SEM image of the nonpolar m-plane sample grown using a two-
step approach and corresponding (b) CL wavelength image and intensity images integrated 
between (c) 345 – 373 nm and (d) 515 – 636 nm.[119] 
 
 
5.3. Nonpolar m-plane AlGaN/GaN heterostructures on native 
substrates 
5.3.1. Overview    
In this section, the optical examination and properties investigation of the heterostructures grown 
on bulk m-plane GaN will be discussed.[122] Even though the quality of bulk m-plane 
freestanding substrates grown in nonpolar directions are still not optimal and hetero-epitaxy of 
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non-polar [123]–[125] GaN layers can be used as an alternative approach[126], the optical 
investigations of structures grown on bulk m-GaN are still of significant importance.  
Up to now, most of the investigations in this field have focused on InGaN QWs widely 
utilized as active regions in visible LEDs and laser diodes (LDs). It has been shown that, in the 
case of InGaN QWs, excitonic recombination dynamics are mainly governed by localized states, 
rather than demonstrating the intrinsic properties of the material system.[123], [127]
 
Only few 
studies had been focused on detailed investigation of excitonic recombination dynamics in non-
polar GaN[128], [129] and GaN/AlGaN QWs.[130]
 
In the work presented in this section, that is performed as a collaboration with the group 
at Montpellier University, France, we examined the optical properties of GaN/AlGaN multi-
quantum wells (MQWs) grown on free-standing m-plane  1010 GaN substrates using MOCVD 
(see section 3.3 for specifications of our MOCVD growing system). We first provide evidence of 
the experimental anisotropy of the in plane optical response. Then, the discussion will be 
followed by study of the excitonic emission. It is found here that the excitonic recombination is 
dominantly radiative for temperatures below 80K in our moderately shallow quantum wells. 
However, at higher temperatures, the recombination dynamics and the robustness of the 
photoluminescence are influenced by non-radiative recombination channels and the thermally 
induced de-trapping of the photo-generated carriers in the barrier layers.  
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5.3.2. Layer Schematics and Experimental Details 
Five 1.5 nm thick GaN quantum wells (QWs) separated by 8.5 nm Al0.15Ga0.85N barrier layers 
were grown on free-standing bulk m-plane  1010 GaN substrates at a substrate temperature of 
1045sT C   by MOCVD. The m-plane bulk substrates were provided by our industrial 
collaborator, Kyma Technologies. Underneath the QWs, a GaN buffer with thickness of about 
400 µm was grown at 1050sT C  followed by a 30nm AlGaN layer. The multiple QW (MQW) 
structure was ended with 20 nm AlGaN (top barrier) and 3nm GaN (cap layer). The schematic of 
the sample structure is shown in Figure 5.6.  
 
Figure 5.6. Schematic of the sample under investigation including five periods of the quantum 
well basic building blocks. The Cartesian coordinate system with the x, y and z axes are also 
indicated at the bottom corner of the figure indicating x as growth direction. [Reprinted with 
Permission from Ref.[122]]  
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The sample was mounted in a helium flow cryostat for all the measurements and the 
temperature varied from 8K to room temperature. The optical excitation for this study was 
provided by a mode-locked frequency tripled Ti-Sapphire laser, with wavelength of 266 nm and 
pulse width of 2 ps. The focused laser spot diameter was 100 µm and the estimated photo-
generated carrier concentration was about 10 23 4 10 cm  . Owing to the relatively long values 
of PL decay times, using an acousto-optic modulator, we have adapted a laser repetition rate of 
4MHz. The PL signal was temporally resolved by a streak camera with an overall time resolution 
of 8 ps. 
 
5.3.3. Evidence for Optical Anisotropy in QW Emission 
Based on group theory, the optical response for the m-plane is expected to be anisotropic in the 
growth plane. Experiments performed on nonpolar a-plane GaN/AlGaN quantum wells[131], 
[132] have also reported it. Funato et al.[133] have recently reported on optical anisotropy in m-
plane AlGaN/AlN quantum wells with AlGaN being the QW layer. This optical anisotropy for 
the nonpolar heterostructures is also confirmed by the data presented in Figure 5.7(a). According 
to this plot which is a series of 8K photoluminescence spectra for different orientations of the 
electric field of the emitted photon radiation obtained using a polarization analyzer in the emitted 
beam path before reaching the detector. We wish to emphasize that the spectra does not contain 
emission in the 3.42 eV region (corresponding to structural defects) which is typical for growth 
of non-polar GaN layers grown on lattice mismatched foreign substrates[121] and is not 
observed for our sample grown on m-plane bulk GaN substrates. The intensity of donor-bound 
exciton emission line at an energy slightly below 3.480 eV at 8K is maximum when one probe 
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the 9  hole for the electric field of the emitted photon parallel to the y  direction in the 
Cartesian coordinate system. The y -polarized emission is observed to emit at lower energy by 
about 5meV compared to that corresponds to z -polarizations. The inhomogeneously broadened 
PL band at higher energies corresponding to the emission of confined excitons is observed at 
3.616 eV with a full width at half maximum (FWHM) of 61 meV. However, emission of 
excitons localized in the barrier layers is observed at 3.709 eV with a FWHM of 69 meV. Using 
the energy of the emission in the barrier layer and including the Stokes-shift which is normally 
observed between the PL and a reflectance experiment,[134] the aluminum content is estimated 
in the barrier to be about 14%.[135] Figure 5.7(b) represents the normalized intensities of the 
photoluminescence from the GaN donor-bound exciton, the MQW, and the barrier layers in polar 
coordinates. The crystallographic axes  1 2, ,a a c  in the Cartesian basis  , ,x y z with respect to 
the unity vectors are indicated on the schematic in top corner of Figure 5.7(b). The degree of 
polarization is defined as  
                  100
y z
y z
I I
DOP
I I

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
              (5.1) 
where uI is the PL intensity of the emitted photon with electric field parallel to the direction u . 
The values of degree of polarization for the quantum wells and barriers are 38% and 39%, 
respectively which means they have similar anisotropic behavior. The AlGaN barriers and GaN 
quantum wells are both crystals with macroscopic 2vC  orthorhombic symmetry. For the AlGaN 
barriers, the degeneracy between x  and y  is lifted by strain and thus it is anisotropic strain that 
reduces the symmetry. For the MQW systems (MQWs), on the other hand, the breaking of 
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translational symmetry in the x  direction (growth direction) is responsible for reducing the 
symmetry.  
         
 
 
Figure 5.7. (a) Photoluminescence spectra for various polarizations of the emitted photons with 
0  being taken parallel to the y  direction of the Cartesian coordinate system. (b) Polar plot of the 
PL intensity for the MQWs (blue), for the barrier layers (red) and for the GaN (black). The 
orientation of the crystal is shown at the top corner of the figure. [Reprinted with Permission 
from Ref.[122]] 
 
 
 
The calculation based on theoretical analysis of crystal orientation effects in wurtzite 
semiconductors[136], [137] and using the literature values of matrix elements[138] and Luttinger 
parameters[139] for GaN was performed and the dispersion of the eigenvalues in case of an 
infinitely deep GaN well for xk  values between 0 and 1
1nm  is plotted in Figure 5.8(a). It can be 
pointed out that starting from the 9 , 7  and 7  ordering for 0xk  , increasing xk  made a 
complicated behavior with anti-crossings for high values of xk  to the relative ordering of the 
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valence bands: x , z  , and y . Also, y  and z  states are almost parallel to each other for high 
values of 
xk . For the band to band transition, the symmetry of the photon polarization may be 1
 E z , 2  E y  or 4  E x in orthorhombic environment. It can be inferred from group 
theory that matrix elements (non-vanishing ones) for the band-to-band transitions will be 
transformed as 
2z  or 2y  or 2x . In our experiment, transitions can be recorded for 1  E z  and 
2
  E y  polarizations for photons with Poynting vectors parallel to x  direction (light emitted 
through the m-plane surface or along growth direction). Therefore, our experimental 
configuration should not be able to allow the transition between the x-type confined hole state 
and the confined electron state. Apparently, that the first dipole allowed transition is z-type for 
high values of xk  corresponding to thin wells, while y-type is allowed for low values of xk
corresponding to wide wells. The oscillator strengths are calculated as the squared components 
of the coefficients of the eigenvectors that are projected over z  and y directions. 
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Figure 5.8. (a) The dispersion curves for the three valence band levels at 0xk   and 0y zk k  . 
For high values of xk  A and B are almost parallel but C rapidly separates from both of them. (b) 
The expansion of A (left), B (middle), and C (right) levels versus xk . At high values of xk , the A 
valence band level dominantly contains y  state and about 15 percent z state while for the B 
level it dominantly contains z Bloch state and about 15 percent y state. Also, it appears that 
the C is only built of x  Bloch state at high values of xk . These expansions affect the selection 
rules for band to band transitions. [Reprinted with Permission from Ref.[122]] 
 
 
 
The oscillator strengths for z , y , and x  polarization are plotted in Figure 5.8(b) for the 
three band to band transitions; between the first confined electron states and the three (A, B, and 
C) confined valence bands. Here, we mention that both the lowest confined levels from the 9  
and the highest 7  valence bands allow the E z  and E y polarizations which is qualitatively 
in agreement with the theoretical prediction of Park.[140]
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5.3.4. Excitonic Recombination Dynamics 
Figure 5.9 shows the PL spectra for various temperatures ranging from 8K to 295K for E y  
and E z  polarizations. The PL intensities remain constant at low temperature up to 40–50K 
and then start to decrease with further increase in temperature. The peaks associated with QW 
and barrier emissions can be fitted using a Gaussian fit function. However, It is hard to separate 
the contributions of the barriers and QWs especially for the E z polarization due to overlapping 
of the peaks.  
 
Figure 5.9. Photoluminescence spectra for the m-plane AlGaN/GaN MQWs structure for E z
(top) and E y  (bottom) polarizations. [Reprinted with Permission from Ref.[122]] 
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The changes of the PL energy in the temperature range of 8K to 295K t for E y  and 
E z  polarizations are demonstrated in Figure 5.10. At first glance, the luminescence for the 
quantum wells and barrier layers exhibit fairly similar behaviors for both y  and z  polarizations. 
However, the energy is more stable in both polarizations for the quantum wells compared to that 
in case of barrier layers with increasing temperature. The energy associated with PL peak of the 
quantum wells is found to be virtually unchanged up to about 150 K while for barrier related 
emission there is are slight blue shifts up to temperatures of about 50 K, above which it drops 
rapidly. This can be due to the thermal de-trapping of the carriers from aluminum poor regions to 
aluminum-rich ones. Using model by Vina et al.[141], [142]  
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,        (5.2) 
We fitted the data which indicates an average phonon bath temperature ( B ) in the range of 
335–340K for the barrier layers while 500B K for the MQWs, for both polarizations. 
Apparently, there is no remarkable influence of the polarization on the phonon bath temperature.  
137 
 
 
Figure 5.10. PL energy position as a function of temperature for the m-plane AlGaN/GaN 
MQWs for E y  (left) and E z polarizations (right). PL energies in the barrier layers as well as 
QWs are fitted using Vina’s equation. [Reprinted with Permission from Ref.[122]] 
 
Here we want to calibrate the relative contributions of radiative and non-radiative 
recombination processes in the m-plane MQWs sample. We know that the PL intensity varies 
proportional with ratio of non-radiative to radiative lifetimes via the following relation:  
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.        (5.3) 
The radiative recombination rate ( )G T (the inverse of the radiative decay time) is proportional to 
the relative number of excitons having the wave-vector in the light cone (wave-vector smaller 
than 
E
c
)[143]  which can be expressed as: 
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where nd k  is the n-dimensional elemental volume in the k space. This dimension will be 
3,2,1,0n  for bulk material, quantum well, quantum wire, and quantum dot or impurity, 
respectively. Here, ( )M k  is excitonic translation mass which is direction-The radiative lifetime 
in an n-dimensional integration can be derived and expressed as:  
          20
n
rad T           (5.5) 
The thermally activated non-radiative decay time can be shown as:  
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where aE  ( aT ) depicts activation energy (temperature). Higher value of aE  ( aT ) gives better 
robustness of PL with increasing temperature. Finally, the variation of the PL intensity with 
change of temperature could be fitted using  
     
20
1
1
( )
1 exp
n
a
I T
T
T
T



 
   
 
.        (5.7) 
Figure 5.11(a) illustrates the photoluminescence intensities as a function of temperature 
for quantum wells and barrier layers in the E y  and the E z  polarizations. The PL intensity 
of the barrier layers were fitted using a three-dimensional model for exciton propagation while a 
two dimensional model was used to fit the data for QWs related PL intensities. The fitting 
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parameters indicated more robustness of PL in E y  polarization than in the E z  polarization 
for both barrier and QW-related emission. In addition, the activation temperature is found to be 
smaller for barriers than for QWs. Note that ratios 0
1


 are named as 2W   for wells and 2B  for 
barriers. The logarithm of the PL intensity versus 
1T   (Arrhenius plot) is also given in Figure 
5.11(b). The inset of Figure 5.11(b) demonstrates the experimental and theoretical values of 
energy splitting between the photoluminescence associated with barriers and the wells. 
 
 
 
 
                   
Figure 5.11. (a) photoluminescence intensities and (b) Arrhenius plots of the PL intensities for 
the m-plane AlGaN/GaN MQWs sample in case of E z  polarization (top) and E y  
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polarization (bottom) and. The data for QWs related PL intensities are full dots and data for the 
barrier related emission intensity data are open dots. The results of the fitting are reported using 
continuous lines with the fitting parameters indicated for the corresponding cases as well as the 
fitting functions for QWs and barriers. W and B letters are used as the parameters of fits. The 
inset in the bottom part of (b) is the experimental (dots) and theoretical (continuous line 
representing the differences of the fits of energies using Vina’s model) values of energy splitting 
between the PL associated with barrier layers and the QWs. [Reprinted with Permission from 
Ref.[122]] 
  
 
We examined the temperature dependent PL transients to obtain the values of the 
radiative and nonradiative decay times knowing the relationship between the PL decay time   
and the nonradiative ( nonrad ) and radiative ( rad ) components which is  
   
1 1 1
rad nonrad  
  .         (5.8) 
Figure 5.12(a) shows the the QW-related PL transients measured at various temperatuers below 
70K where a mono-exponential decay is noted. We make the assumption that non-radiative 
recombination processes are slower than the radiative ones at low temperature to extract the 
radiative and non-radiative decay times. We also normalize the PL intensity to unity at low 
temperature. Figure 5.12(b) demonstrated the radiative and non-radiative decay times as a 
function of temperature together with the measured values of the PL decay time. As the 
temperature reaches 80K the decay times saturate for the quantum wells in both y  and z  
polarizations, while the "saturation temperature" is around 150 K for case of barriers which 
means more temperature robustness. From the change of PL intensity with temperature, the 
radiative and nonradiative decay times can be extracted. For the barriers, the radiative part 
increases with the temperature and is fitted non-linearly with 
3
2
0T  where 
1 3/2
0 1.6 10 .y ps K
    
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for E y  and 2 3/20 9.8 10 .z ps K
    for E z  with the activation temperatures ( aT ) being 64K 
and 42 K, respectively, giving 1 36y ps   and 1 38z ps  .  
  
 
Figure 5.12. (a) photoluminescence transients of the QWs measured for different temperatures 
ranging from 8K up to 70 K. (b) PL decay times (green dots) with non-radiative (green dots) and 
radiative (wine dots) components for the m-plane MQWs structure for E y  (top) and E z  
(bottom) polarizations for the quantum wells (full dots) and the barriers layers (open dots). The 
solid lines indicate the fit of radiative decay times. [Reprinted with Permission from Ref.[122]] 
 
 
 
 
In case of QW-emission, existence of a constant decay time up to 50–60K is indicative of 
exciton localization. This is in agreement with intensity versus temperature. Further increase in 
temperature makes the excitons to become mobile in the quantum well planes and thus we 
observe the expected linear dependence with temperature.  
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Activation temperatures of 134aT K  for E y and 100aT K  for E z were obtained 
for non-radiative components in agreement with temperature dependence of PL intensities which 
gives 1 20y ps   and 1 32z ps  for E y  and E z polarizations, respectively. Activation 
temperature (
aT ) is higher in case of QWs compared to that of the barrier layers. Based on the 
relative time dependent behavior, the recombination dynamics in the QWs are governed by non-
radiative recombination at higher temperatures and the decay of the QW-related emission is 
ruled by carrier feeding from the barrier layers.  
The radiative decay time for quantum wells grown on m-plane substrates can be written 
as[144]  
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where c  is the velocity of light, Bk  is the Boltzmann constant,   is the light angular frequency,
Ba  is the bulk Bohr radius ,   is the in-plane exciton Bohr radius in the quantum well and LT  
is the angular frequency of the longitudinal splitting of the exciton. The quantity ei him m  is the 
exciton translation mass in the i  direction and ehI  is the overlap of electron and hole envelope 
functions. The equation will also hold for c-plane quantum wells, where ez hzm m  will be 
replaced by ex hxm m . It is noteworthy to mention that the Quantum Confined Stark Effect is 
responsible for the strong dependence of rad on well-width via quantities  ,   and ehI . It is 
also interesting to see that quantity 
2
3 2
LT ehI

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 in the above Equation contains all the information 
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required for determining the polarization dependence as well as well-width dependence of the 
slope of rad  as a function of temperature for a given orientation.  
Compared to other orientations, there are other reports in literature for for c-plane[145] 
and  1122 -oriented GaN/Al0.5Ga0.5N quantum wells,[146] indicating 10 20 .ps K
 and 
1
0 8 .ps K
  respectively, and 10 20 .ps K
  for homopitaxial m-plane ZnO/ZnMgO quantum 
wells.[144] Our report here indicates 10 4.7 .ps K
  for E y  and 10 3.1 .ps K
 for E z  
polarization that is in agreement with other experimental values (for instance, see Confdir et 
al.[147]) and in accordance with the predictions of the simple theory although the slope is a little 
bit smaller than the expected value. The smaller value of slope compared to prediction could be 
due to the competition between the localized and delocalized excitons for the whole range of 
temperature of this experiment. 
5.3.5. Summary and Conclusions 
As a summary of the reports in this section, the experimental anisotropy of the in plane optical 
response for GaN/AlGaN multi-quantum wells grown on m-plane freestanding GaN substrate 
has been demonstrated. The sample did not feature emission related to excitons bound to basal 
plane staking faults that is typical of heteroepitaxial non-polar GaN epilayers (No PL line at 3.42 
eV was observed). The excitonic recombination dynamics has been investigated and shown that 
excitonic recombination is dominantly radiative up to 80 K for our moderately shallow QWs 
while it is dominated by non-radiative recombination at higher temperatures. The thermally 
induced carrier de-trapping from the barrier layers at higher temperatures affects the robustness 
of the photoluminescence as well as recombination dynamics. 
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5.4. Limitations and alternatives for nonpolar structures    
In spite of great promises of nonpolar heterostructures mainly due to elimination of quantum 
confined Stark effect (QCSE) as well as the ability to have polarized emission, these structures 
started to loose popularity due to the low quality of available substrates for homoepitaxy and 
poor optical quality of the heteroepitaxial films grown on this orientations. Moreover, in 2008, 
Yamada et. al.[18] demonstrated the reduction in indium contents by a factor of two to three for 
the layers grown on nonpolar m-plane compared to those on conventional c-plane substrates 
under similar growth conditions. This caused significant reduction in LED output power for 
devices emitting above 400nm[19] and thus made the nonpolar choice of substrate no more a 
solution to the green gap issue.  
Semipolar orientations with substantially reduced polarization fields represent another 
alternative to the polar structures for producing efficient LEDs in wide range of wavelengths 
from blue to yellow. In next section, our investigation on heteroepitaxial semipolar  1011  and 
 1122  GaN layers on patterned and plannar substrates, defect reduction methods and optical 
and structural characterizations of the AlGaN/GaN and InGaN/GaN heterostructures will be 
discussed in details. 
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Chapter 6 
6.  Semi-polar GaN-based Light Emitting Structures on 
Patterned Substrates 
6.1. Overview 
As mentioned, due to relatively low quality of nonpolar heterostructures and the observations on 
reduced indium incorporation to nonpolar m-plane,[18] semi-polar orientations with substantially 
reduced polarization fields gained attention for producing efficient LEDs emitting above 
blue,[19] in particular in the light of theoretical predictions of enhanced indium incorporation 
efficiency relying on effect of strain[20] and surface atomic configurations.[21] According to the 
theoretical studies, planes with inclination angle of 60   with respect to c-axis should exhibit 
the highest In incorporation among all the planes of GaN.[20] Zhao et al.[22] reported 
experimental verifications of the theoretical predictions[20] for layers grown on high quality 
bulk substrates. They concluded on the highest incorporation efficiency for semipolar  1122  
orientation with inclination angle of 58   . Detailed discussion about the dependency of 
indium incorporation on substrate orientation can be found in sub-section 2.2.4. 
 In this chapter and chapter 7, we will focus our attention to two semipolar orientations 
with inclination angles close to 60   that is optimum for indium incorporation efficiency as 
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predicted by theory[20]:  1011 -plane with inclination angle of 62  and semipolar  1122  
with inclination angle of 58   . Moreover, these orientations can be grown as single phase on 
foreign substrates; the former is grown on patterned Si (001) while the latter is on m-sapphire 
substrates. The Structural and optical properties of the GaN as well as heterostructures grown on 
these orientations will be discussed and some intrinsic properties of the semipolar planes of GaN 
including indium incorporation will be studied. Investigation of fabricated LED performances on 
these orientations especially planar semipolar  1122 layers on m-sapphire which is very 
important as it offers a relatively in-expensive solution to the green gap issue will be discussed as 
proposed works in next chapter. 
In this chapter, our investigations on semipolar  1011 structures grown on patterned Si 
(001) substrate will be discussed. The content of this chapter is organized as follows. A brief 
description of substrate and heteroepitaxial GaN layer preparation at first will be followed by 
investigations of optical anisotropy and excitonic recombination dynamics of AlGaN/GaN 
heterostructures grown on the prepared GaN layers (in a similar way as demonstrated in section 
5.3 for m-plane AlGaN heterostructure). Following the result of study of indium incorporation 
efficiency to this emipolar plane, the limitations of this growth method and the choice of 
orientation will be discussed at the end.     
 
6.2. Substrate preparation and GaN growth   
Wurtzitic GaN grows epitaxially on Si(111) in c-direction, with the epitaxial relationships 
GaN<0001>||Si<111> and GaN< 0112 > || Si<011>. Therefore, the growth of nonpolar and 
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semipolar GaN on Si is possible if a Si substrate of proper orientation is patterned to expose 
{111} Si facets for GaN nucleation, as shown schematically in Figure 6.1(a) and (b) for the 
 1100  and  1101 GaN cases, respectively. For m-plane GaN growth, we used Si(112) 
substrates as discussed in section 5.2. In order to obtain semipolar  1101 GaN surface, we used 
Si(001) substrates that are miscut 7° toward the Si<110> direction. The substrates were patterned 
to expose vertical (111)Si facets for growth initiation, with the grooves aligned parallel to the 
<110> Si direction. For this investigation, the SiO2 mask was removed in order to increase the 
surface coverage of GaN and thus enhanced emission intensity with reduce growth time.  
 
Figure 6.1. (a) Schematic of nonpolar m-plane (  1100 ) GaN on patterned Si(112) substrate. In 
these schematics, top Si(112) surface and the tilted Si(111) facet are both masked with SiO2, so 
that the GaN growth is initiated at the vertical Si  111  facets. (b) Schematic of semipolar
 1101 GaN on patterned Si(001) 7º off-cut substrate. The top Si(001) surface and one of the 
tilted Si(111) facets are masked with SiO2, so that the GaN growth is initiated at the open Si
 111  facets. 
 
Figure 6.2 shows schematically the patterning procedure for case of nonpolar m-plane 
GaN growth on Si (112). First, 100-nm-thick SiNx layer was deposited by plasma enhanced 
chemical vapor deposition (PECVD) on the entire surface. The SiNx layer was then patterned by 
using inductively coupled plasma (ICP) etching after standard photolithography to form a mask 
for subsequent Si wet etching. Anisotropic wet etching of Si was performed in a KOH solution 
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(4.16 M) at 40 °C to form Si {111} facets. After removal of the remaining SiNx mask, a 50-nm-
thick AlN layer was grown in a vertical low-pressure MOCVD system on the patterned Si 
substrate to serve as a seed layer for the GaN growth followed by GaN growth.  Similar 
processes were done for preparation of s-plane GaN on patterned Si (001) with 7º offcut. Figure 
6.3 demonstrates SEM images of the coalesced (Figure 6.3(a)) and un-coalesced (Figure 6.3(b)) 
 1101 -plane GaN substrates prepared using this method under different growth and fabrication 
conditions.  
 
 
Figure 6.2. Fabrication sequence of Si(112) patterned substrate. 
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Figure 6.3. Cross-sectional SEM images of (a) coalesced and (b) un-coalesced  1101  GaN on 
patterned Si(001) substrate with 7º offcut. The inclined (c), and top view (d,e) SEM images of 
the un-coalesced layers are also shown. 
 
6.3. Excitonic recombination dynamic in  1011 AlGaN/GaN 
heterostructures  
6.3.1. Overview  
In this part, similar to what has been demonstrated for nonpolar m-GaN in section 5.3, we 
examine and demonstrate the temperature dependence and the recombination dynamics in semi-
polar  1011 -oriented GaN/Al0.2Ga0.8N multi-quantum wells (MQW).[148] Unlike the study 
which was performed and described in section 5.3 which was performed on bulk m-plane 
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substrates, the semi-polar structure was grown on heteroepitaxial GaN on patterned 7º-off silicon 
(001) substrates. The details about substrate preparation for this study including patterning and 
growth of GaN buffer layer can be found in section 6.2. 
Here, after describing the sample growth procedure and structure schematics, we 
investigate the emission properties at different temperatures in terms of optical anisotropy 
followed by some theoretical calculations of oscillator strength. Then, we proceed to temperature 
dependent photoluminescence measurements, and present experimental results followed by 
quantitative analysis. At the end, a simple model is developed which enables us to determine the 
relative populations of free and localized excitons. 
6.3.2. Layer Schematics and optical characterizations 
Before deposition of the quantum wells, the  1011 -oriented GaN (s-plane GaN) buffer was 
grown on the patterned Si (001)  substrate with 7°-off as described in previous sub-subsection, 
followed by a 30 nm Al0.25Ga0.75N bottom barrier layer. The structure consisted of five GaN 
QWs with thickness of 1.2-nm separated by 8.5-nm-thick Al0.2Ga0.8N barriers. The structure was 
completed with 20 nm Al0.2Ga0.8N (top barrier) and 3 nm GaN (cap layer). The schematic of the 
structure is shown in Figure 6.4. The electron-hole confinement is critical in this multi-quantum 
well structure as the energy splitting between the confined excitons in the QWs and the ones 
trapped in the barriers is fairly small. This allows us to simultaneously study the localization of 
photo-generated carriers in the barriers as well as their delocalization induced by temperature. 
The sample was mounted in a cryostat (similar way as described in section 5.3) and the 
temperature varied from 8 to 295 K. The excitation wavelength of 264nm with a 2 ps pulse width 
and focused laser spot diameter of 100 μm was utilized as described in section 5.3 Similar to 
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measurements performed in section 5.3, owing to the relatively long photoluminescence decay 
times, laser repetition rate of 4MHz was adapted by means of an acousto-optic modulator. More 
details about the setup can be found in section 5.3. 
 
 
Figure 6.4. (a) Schematic of the semipolar AlGaN/GaN MQW structure and (b) position of 
 1101 crystallographic plane in GaN wurzite lattice. [Reprinted with Permission from Ref.[148]] 
 
Figure 6.5 demonstrates PL spectra measured at various temperatures in the range from 8 
to 295 K. The spectra at low temperature contains two overlapping peaks that correspond to 
excitons confined in the QWs and the ones localized in the barrier layers.[135] The peak 
corresponding to AlGaN barriers is quickly suppressed by increasing the temperature. The full-
width at half maximum (FWHM) of the PL peaks are moderately large which can be due to 
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inhomogeneity of compositions and thicknesses. Also, the fluctuations in the alloy composition, 
and well width and depth fluctuations in the five-period QWs at the position excited by the laser 
spot could be the reasons behind the large broadening of the quantum well-related PL emission 
spectra. The broadening in PL is supported by non-uniformity in emission across the stripes 
which are observed in CL measurement results demonstrated in Figure 6.6. As will be shown 
below, the Quantum Confined Stark Effect (QCSE) is quite small for such semi-polar orientation 
but it does not disappear completely. The carrier confinement does not take place in the 
triangular part of the well for such thin wells (1.2nm). The localization of electrons and holes 
near opposite sides of the wells caused by internal electric field may also induce inhomogeneous 
broadening thru slight red-shift of the quantum well-related emission. The presence of such 
localization can be verified by examination of the PL lifetime in a various set of samples with 
different orientations.  
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Figure 6.5. Photoluminescence spectra at different temperatures ranging from 8K to 295K. Note 
the temperature-induced de-trapping of excitons from the barriers to the QWs. [Reprinted with 
Permission from Ref.[148]] 
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Figure 6.6. CL spectra for the s-plane AlGaN/GaN MQWs structure for various regions across 
the stripes. The figure in the right indicates the corresponding positions at which the CL 
measurements are performed.   
 
Figures 6.7(a) and (b) represent temperature dependences of the PL peak energy and PL 
intensity, respectively. As the temperature increases to 300 K, the PL intensity reduces by nearly 
an order of magnitude. This relative decrease in PL intensity with temperature for semi-polar 
MQWs is substantially smaller than that observed earlier for nonpolar m-plane MQWs, which is 
indicative of a reasonably good crystalline quality and a fair density of non-radiative defects. The 
exciton localization energy of ~12 meV was estimated based on the difference between the low-
temperature PL data and a fitting using Vina function describing the bandgap variation with 
temperature.[141] 
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Figure 6.7. Temperature dependent PL (a) peak energy and (b) intensity associated with multi-
quantum well emission for the s-plane AlGaN/GaN MQWs. [Reprinted with Permission from 
Ref.[148]] 
 
6.3.3. Optical Anisotropy 
Similar to what we reported on subsection 5.3.2 in case of non-polar m-plane, optical anisotropy 
of the QW related emission is illustrated in Figure 6.8. The experimental value for degree of 
polarization was found to be 58% which is higher than that the case of m-plane which was about 
38%. The optical anisotropy for these orientations are expected based on the theory of light 
interaction with anisotropic medium and can be more quantitatively considered by examination 
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of the physics of the valence band (not shown here). The calculated degree of polarization for 
this orientation is found to be slightly higher (64%) than the experimental value observed here. 
 
 
Figure 6.8. Polar plot of normalized PL intensity from the MQWs. The light polarization 
associated with maximum PL intensity is along <001> direction. [Reprinted with Permission 
from Ref.[148]] 
 
The valence band dispersion as a function of wave-vector (k) is calculated and plotted in 
Figure 6.9 the similar way as described and discussed for m-plane structure in subsection 5.3.2. 
A complex anti-crossing behavior for small values of κ can be observed and the dispersion curve 
becomes almost parabolic at large values of κ. The dispersion relations for the  two low energy 
hole states (levels 1 and 2) clearly indicate heavier holes compared to those in the higher energy 
hole state (level 3).  
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Figure 6.9. E-k diagram (dispersion curve) for the three GaN valence bands and for wavevector 
orthogonal to the semi-polar  1011 -plane (growth plane). [Reprinted with Permission from 
Ref.[148]] 
 
The eigenvectors can be written in terms of the Bloch states x , y  and z  as 
3
1
i
ijj i ic u

  . Figure 6.10 shows the relative proportions of x , y  and z  Bloch states as 
a function of   for the valence eigenstates, with hole energy increasing from left to right (1 to 
3).  
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Figure 6.10. The eigenvectors expanded in terms of x , y  and z  Bloch states. [Reprinted 
with Permission from Ref.[148]] 
 
 When the photon is polarized along the U  direction ( y -polarized photon, Poynting   
vector along W ), the transitions between confined electron and hole levels can be observed with 
intensity that is proportional to the electron-hole envelope functions overlap multiplied by 
c1
Y
2
2
, 
or 
c2
Y
2
2
, or 
c3
Y
2
2
.
 
 When the photon is polarized along the V  direction, on the other hand, this 
transition can be detected with intensities proportional to the electron-hole envelope functions 
overlap multiplied by 
3a2
3a2 + 4c2
c
1
X
2
2
, or 
3a2
3a2 + 4c2
c
2
x 2
2
, or 
3a2
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2
 for the x -polarized 
photons (Poynting   vector along U ) and to the electron-hole envelope functions overlap times
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 Figure 6.11 demonstrates the contributions of x-, y- and z-polarized photons as a function 
of k  with Poynting vectors along either W  or U , for the three eigenvectors (1, 2, and 3). 
According to the plot, the transition with highest intensity in E //U  polarization (y-polarization) 
corresponds to transition from confined electron to confined hole from the first valence band 
(from 9 ) for small values of . However, the situation changes with increasing . For large 
values of  , the most probable transition is the one from confined electrons state to the confined 
holes from third valence band. As for the E //V configuration, most of the optical response 
comes from the z-polarized photons. 
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Figure 6.11. Calculated oscillator strength for the three band to band transitions (electrons 
confined states to confined holes in three valence band states) for different polarization of the 
photon: x polarization and Poynting   vector along U (left), polarization of the photon along y 
and z  with Poynting   vector  along W (middle and right, respectively). [Reprinted with 
Permission from Ref.[148]] 
 
 The comparison of valence band dispersion relations for polar c-plane, nonpolar m-plane, 
and semipolar (1011) planes are performed which is demonstrated in Figure 6.12. The interesting 
point is the overall identical shapes of dispersion curves regardless of the orientation of the 
crystallographic plane. The QCSE (whether present or absent) seems to be more critical for 
correlating PL energy and a decay time to the thickness of a wurtzite quantum well rather than 
the anisotropy of the materials used for growing the structure. 
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Figure 6.12. Dispersion relations calculated for the three GaN valence bands for   orientation 
perpendicular to the polar  0001 plane (c-plane), the  1010  nonpolar plane (m-plane), and the 
semipolar  1011  plane (s-plane). Note the overall identical shapes of the dispersion curve for 
polar, nonpolar and semipolar planes. [Reprinted with Permission from Ref.[148]] 
 
6.3.4. Excitonic Recombination Dynamics 
Figure 6.13 demonstrates PL transients with mono-exponential decay times for various 
temperatures ranging from 8 to 295 K obtained from the m-plane GaN MQWs for photons 
polarized along y direction so that heavy-hole excitons can be probed.  
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Figure 6.13. Several PL transients for various temperatures range from 8 to 295K with mono-
exponential decays from the semipolar  1011  AlGaN/GaN QWs measured for phonon 
polarization along y-direction. [Reprinted with Permission from Ref.[148]] 
 
Here, we intend to separate the contributions of radiative and non-radiative 
recombination processes. The PL intensity decays exponentially with respect to time after the 
excitation pulse, based on   
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               tradI e
  ,     (6.1) 
where 
rad  is the radiative recombination rate and  , is the sum of the radiative and the 
nonradiative contribution 
nonrad  of the recombination rate. Integrating over time gives us the 
following expression for the PL intensity for CW condition  
       radCWI


.         (6.2) 
Normalizing the CW intensity with respect to the intensity obtained at 2 K we get 
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Assuming that decay mechanism at low temperature is purely of radiative origin, the expression 
simplifies to   
            
( ) ( )
(2 ) ( )
CW rad
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

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,          (6.4) 
Based on the literature studies,[130], [143], [149]–[152] we can assume that the recombination 
rate   being sum of recombination rates of free and localized weighted by their respective 
populations: 
     
free loc
free loc
free loc free loc
n n
n n n n
    
 
       (6.5) 
As mentioned earlier, the localization energy, Eloc, has been been estimated as 12 meV. We can 
assume that this localization prevents the localized excitons from moving to the non-radiative 
recombination centers. Therefore, we assume that in this model, the recombination rate for the 
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localized excitons is the radiative recombination rate while the sum of two different 
contributions is assumed for free excitons; a radiative one free rad  and a non-radiative one 
free nonrad . Therefore, we can write 
            
free freeloc
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free loc free loc free loc
n nn
n n n n n n
 
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and  
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The density of excitons with an energy Efree can be calculated as follows: 
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where 0
22
Mm

 is the spinless two-dimensional areal density of states, m0 is the electron mass at 
rest, EF is the Fermi energy, and M is the translational mass of the exciton. The factor 4 accounts 
for electron and hole spins. Replacing the Fermi-Dirac distribution with a Maxwell-Boltzmann 
form in the above equation, it can be rewritten as 
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which then gives 
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Similarly, the population of excitons which are localized by interfacial defects with density ND at 
an energy Eloc below the free exciton band is given by 
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The recombination rates as the reciprocal analogs of each decay times (see Equation 12 of 
Ref.[143]) 
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which then leads to  
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A plot of the effective decay time (or PL decay time) ( )T  (blue), non-radiative decay 
time ( )nonrad T (green), and radiative decay time ( )rad T  (brown) are plotted in Figure 6.14. The 
non-radiative decay time is thermally activated:  1( ) expnonrad aT T T   with Ta = 215 K and 1  
= 160 ps. It can be observed that the non-radiative decay time saturates to about 220 ps at room 
temperature. Such low non-radiative recombination rate could be indicative of relatively high 
crystalline quality of the layer. 
 
Figure 6.14. PL decay time (blue dots), nonradiative decay time (green dots), and radiative 
decay time (brown dots) including nonlinear fitting to the non-radiative component as well as 
radiative ones as dashed lines. The inset is logarithmic plot zoomed at low temperature region to 
display the effect of the transition of excitons from localized to free states on the radiative decay 
time. [Reprinted with Permission from Ref.[148]] 
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As mentioned before, in a two-dimensional system, the radiative decay time should be a 
linear function of temperature. For nonpolar oxides and nitrides with the wurtzite structure, the 
radiative decay time for free excitons increases linearly with T, with a slope of about 8 ps K
-1
 
detailed discussion of which can be found in Refs.[144], [146] for various growth orientations. 
 The dependence of the radiative decay that is nonlinear in our case (see Figure 6.14) can be due 
to the contribution of both free and localized excitons in the PL spectrum. The radiative decay 
time of localized excitons loc  is independent of temperature and is attained from the low 
temperature decay time measurements as 
loc = 355 ps. 
We tend to compute the relative populations of free and localized excitons versus 
temperature together with the contributions of the different recombination rates in order to gain a 
better insight into the evolution of the PL intensity and lifetime with temperature. Assuming an 
average value of 1.2 m0 for the exciton translation mass, and localization energy Eloc = 12 meV 
measured as discussed earlier in this sub-subsection, the recombination rate can be calculated 
and the contributions of free and localized excitons using one fitting parameter, ND. Figure 6.14 
also shows the fitted curves for the non-radiative (dashed green curve) and radiative (dashed 
brown curve) components giving ND = 2.3×10
12
 cm
-2
 for radiative component. This value is 
comparable to the ones reported by Corfdir et al.[153], [154]
 
for a-plane GaN/Al0.06Ga0.94N 
quantum wells (ND ranging from 2.2×10
12
 cm
-2
 to 4×10
12
 cm
-2
) and a-plane GaN/Al0.12Ga0.88N 
quantum wells (1×10
13
 cm
-2
). It is also comparable to our report for m-plane GaN/Al0.14Ga0.86N 
MQWs (0.2×10
12
 cm
-2
) demonstrated earlier in this chapter. Since for all of these layers, GaN is 
the confined layer which is a binary compound, the localized exciton can be directly related with 
the interfacial defect density. For studying of InGaN-based heterostructures this is not the case as 
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InGaN is ternary and it is known that localization is also associated with presence of indium-rich 
regions.[155]
 
Figure 6.15 demonstrates a comparison between the variations of the radiative lifetimes 
obtained for the MQWs grown on nonpolar m-plane and a-plane as well as semipolar  1011  
orientation. The fitting values for the m-plane structure are Eloc=13 meV and ND = 2.2×10
11
 cm
-2
 
and the data corresponding to a-plane are taken from Refs.[130], [153], [154]. 
 
Figure 6.15. Radiative decay times as a function of temperature for nonpolar  1120 a-plane and 
 1010 m-plane and semipolar  1011  orientations. The interfacial defect densities, aluminum 
compositions, well width, and localization energies are indicated for each curve separately in the 
plots. The data for  1011  and  1010 orientations are based on the works performed in this sub-
subsection and our data presented in section 4.3.2, respectively, while the a-plane data are taken 
from Corfdir et al.[153], [154]. [Reprinted with Permission from Ref.[148]] 
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According to the plot of Figure 6.15, for all QW structures grown in nonpolar m-plane 
and a-plane orientations we have loc ~100–160 ps regardless of the aluminum content in the 
barriers and well widths (they change from 1.5 nm to 7 nm). This could mean that regardless of 
the growth methods and conditions, there is a universal behavior associated with the radiative 
decay time of localized excitons. Another point here is that, the higher value for the semipolar 
 1011 orientation loc = 355 ps compared to all nonpolar structures indicate the presence of 
moderate internal electric field in the semipolar GaN layers which  induces a slight shift of the 
electron and hole wave functions to the opposite interfaces producing an additional weak 
localization. Moreover, the slopes for the radiative decay time versus temperature depend on the 
relative populations of free and localized excitons. In order to demonstrate this dependency 
quantitatively, we plot the relative populations of free and localized excitons in Figure 6.16 for 
our samples together with the ones studied by Corfdir et al.[153], [154]. 
The temperature dependence of the relative populations of free and localized excitons for 
the GaN QWs with m-plane, s-plane, and the a-plane orientation are manifested in Figure 6.16. 
The temperature for the population crossover will affect the radiative decay time. Therefore, a 
global behavior is demonstrated in the study of the experiments obtained in both groups. 
However, the data for a-plane show that the population crossover can happen in various 
temperatures which at this point can be most likely due to growth conditions, substrate surface 
preparation, etc. 
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Figure 6.16. Relative populations of free (solid lines) and localized excitons (dashed lines) for 
semipolar s-plane (brown), nonpolar m-plane (blue), and nonpolar a-plane (black and grey), The 
data for  1010 (discussed in subsection 5.3.3) and  1011  (discussed here) orientations are our 
data, while the a-plane data are taken from Corfdir et al.[130], [153], [154]. [Reprinted with 
Permission from Ref.[148]] 
 
6.3.5. Summary of Findings 
As a summary of this sub-subsection, the semipolar (1011) GaN/AlGaN MQWs gron on 
patterned Si (001) demonstrate low non-radiative recombination rates, robust temperature 
dependent PL, and a thermally stable population of free and localized excitons. This seems to be 
a promising approach for production of low-cost UV emitting devices. An effective density of 
interfacial defects of ND = 2.3×10
12
 cm
-2
 and radiative recombination time for the localized 
excitons of loc = 355 ps was found for this semipolar orientation. The value for loc for this 
semipolar plane is significantly larger than the reported values for the nonpolar m-plane and a-
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plane structures (100–160 ps) which can be attributed to the presence of an internal electric field 
inducing an additional weak localization in the semipolar QWs. 
 
6.4. Optical investigation of microscopic defect distribution 
in semi-polar  1011  InGaN light emitting diodes 
6.4.1. Overview 
semipolar GaN growth often suffers from high density of extended defects such as threading 
dislocations and stacking faults, resulting in lower crystal quality.[156] Therefore, material 
quality needs to be improved further to take full advantage of semipolar orientation of GaN and 
comprehensive studies of effects of extended defects are required. In this work,[157] correlations 
between microscopic optical and structural properties in semipolar InGaN LEDs were 
investigated by means of spatially and spectrally resolved near-field scanning optical microscopy 
(NSOM). 
 
6.4.2. Experimental details 
Semipolar  1011 GaN layers and InGaN LEDs were grown on patterned Si substrates in a low-
pressure vertical metalorganic chemical vapor deposition (MOCVD) system. Si (001) substrates 
with an offcut by 7° toward the Si<110> direction were patterned to form grooves of 10 μm 
width separated by 3 μm terraces, the sidewalls of which were {111}facets. The 3 μm × 10 μm 
172 
 
pattern was chosen to prevent the coalescence of the growing wings which would result in 
inferior optical quality of the layers. The patterning procedure and initiation of GaN growth on 
the Si (111) facets exposed within the grooves have been described elsewhere.[120]  
 
 
Figure 6.17. Cross-sectional schematic of the LED structures grown on semipolar  1101  
templates.[157] 
 
LED structures incorporate, as shown schematically in Figure 6.17, a Si-doped 
In0.01Ga0.99N underlying layer for improving the quality of overgrown layers, electron injectors 
composed of In0.04GaN and In0.08GaN layers for efficient thermalization of hot carriers prior to 
injection into the active region, six periods of 3 nm-thick In0.16GaN wells separated by 3 nm-
thick In0.06GaN barriers as the active region, and a 100 nm-thick Mg-doped p-type GaN, grown 
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in the given order on top of  1011  GaN templates. NSOM measurements were performed at 85 
K using a Cryoview 2000 NSOM system (Nanonics Imaging Ltd) in the illumination mode 
where HeCd (3.81 eV or 325 nm wavelength) and InGaN (3.06 eV or 405 nm wavelength) laser 
excitation were used through a Cr-Al coated cantilevered optical fiber probe with 350 nm 
aperture. 
6.4.3. Results and Discussions:  1011 GaN 
Angled-view scanning electron microscope (SEM) image of a semipolar  1011 GaN layer on 
patterned Si is shown in Figure 6.18(a). One of the {111} Si sidewalls was coated with SiO2 to 
prevent nucleation and growth of GaN started from the other sidewall and continued in the GaN 
[0001]c+ direction (c+ wing). Growth in the [0001] c- direction (c- wing) is very limited due to 
the given geometry. It is evident that the layers did not coalesce and roughly 13 μm-wide GaN 
stripes formed on patterned Si. Using 3.81 eV excitation, steady-state macroscopic (incident 
laser beam diameter of 100 μm) PL spectrum was measured at 85K and is presented in Figure 
6.18(b). Peaks at 3.457 eV, 3.406 eV and 3.296 eV correspond to the donor bound exciton 
(D0X), basal-plane stacking fault (BSF), and donor-acceptor pair (DAP) emission, respectively. 
Longitudinal optical (LO) phonon replicas of D0X emission as well as the yellow emission band 
of GaN are also observed as indicated in the figure. 
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Figure 6.18. (a) Angled-view SEM image, (b) Macroscopic PL spectra (D0X, BSF, and DAP 
emission peaks are marked), and (c) NSOM PL intensity map of semipolar  1101  GaN. (d) 
Local PL spectra for the points indicated in (c).[157] 
 
Figure 6.18(c) shows the 85K NSOM PL intensity map where the PL spectra were 
integrated up to 3.54 eV (i.e. above 350 nm). It is evident that the intensity of PL emission from 
the c+ wings is stronger than the emission from c- wings. For the particular section mapped, the 
darker regions observed in the bottom left and top right corner of the figure are due to presence 
of high density of threading dislocations and point defects which act as nonradiative 
recombination centers. Local PL spectra were collected at different points along and across the 
c+ and c- wings. PL spectra of two representative points, A in the c+ wing and B in the c- wing, 
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are shown in Figure 6.18(d). D0X peak intensity at point B is lower than that at point A. 
Moreover, B shows clear BSF emission peak at 3.41 eV whereas at point A, phonon replica of 
D0X dominates at 3.397 eV and BSF emission is not very clear. This implies that stacking fault 
density at point B, located on the c- wing, is higher than at point A, on c+ wing. Using spatially 
and spectrally resolved cathodoluminescence (CL) technique, Okur et al. [158] also reported that 
the optical quality of c- wings was much lower than c+ wings because of the presence of higher 
density of TDs and BSFs. 
 
6.4.4. Results and Discussions:  1011  InGaN LED 
Angled-view SEM image of the semipolar  1011 InGaN LEDs is shown in Figure 6.19(a). 
Coating of one of the sidewalls with SiO2 was not employed for this particular sample, which led 
to growth of GaN on both sidewalls. After establishing the lateral extension as shown in the 
SEM image, the LED active region and the p-GaN layers were grown. NSOM PL measurements 
were carried out using below GaN bandgap excitation (3.06 eV) to avoid influence of the top p 
GaN layer. 
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Figure 6.19. (a) Angled-view SEM image, and (b) NSOM PL intensity maps of semipolar 
 1101 LEDs. (c) Local PL spectra for the two points indicated in (b).[157] 
 
NSOM PL map (See Figure 6.19(b)) shows that c+ wings are dominated by strong active 
region emission whereas emission from c- wings are relatively weaker. Local PL spectra were 
collected at multiple points along and across the c+ and c- wings and two representative spectra 
are shown in Figure 6.19(c). It is evident that the PL intensity of c+ wing (point A) is stronger 
than that of c- wing (point B), consistent with the observation in  1011 GaN layers. Moreover 
the emission peak of c- wing is 15 meV red-shifted compared to that of c+ wing indicating 
higher Indium incorporation in the c- wing which could be induced by the presence of high 
density of stacking faults. 
 
6.4.5. Summary of Findings 
In summary, the spatial variations of extended defects, stacking faults and threading dislocations, 
and their effects on the optical quality for semi-polar  1011  InGaN light emitting diodes 
(LEDs) were investigated by near-field scanning optical microscopy at 85 K. In case of  1011
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GaN layers, the near-field PL from the c+ wings was found to be relatively strong and uniform 
across the sample but the emission from the c- wings was substantially weaker due to the 
presence of high density of threading dislocations and basal plane stacking faults as shown by 
the local PL spectra. Similarly, in  1011 InGaN LED structures, c+ wings showed 
comparatively stronger active region emission than c- wings. Moreover, a slight red shift of 
active region PL peak emission in c- wings compared to that in c+ wings could be due to 
presence of high stacking fault density in c- wings.  
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6.5. Indium incorporation into semipolar  1011  InGaN 
heterostructures   
6.5.1. Overview 
In order to better evaluate the  1011 orientation for potential applications as alternatives for 
conventional c-plane green emitters, the enhancement in indium incorporation into  1011 -plane 
of GaN (predicted by theory) will be examined in this section. Although recent theoretical 
calculations have predicted more efficient indium incorporation in the semipolar orientations of 
wurtzite GaN with inclination angles of 60  ,[20] preliminary experiments in regards to the 
In incorporation do not appear to be conclusive,[49], [159]
 
which makes the said experimental 
investigation all the more important and urgent. Incisive experimental work is imperative to test 
the theory. 
6.5.2. Experimental details 
To study indium incorporation in semipolar  1101 GaN in comparison with polar c-plane 
material, single and multiple  1101 GaN/InGaN/GaN double heterostructures (DH) have been 
grown by MOCVD on patterned Si(001) substrates together with c-plane counterparts on Si(111) 
flat substrates in the same growth run. The thickness of InGaN layers was chosen to be no less 
than 4 nm to avoid the influence of quantum confinement.  In case of multiple DHs, 4-nm 
In0.01Ga0.99N barriers were used to separate the active regions. To provide the possibility to grow 
the whole structures including AlN nucleation layer, GaN buffer, and InGaN-based active 
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regions capped with GaN in one growth run, SiO2 masking layers were not used in these 
experiments. Conventional planar layers were grown on Si(111) substrates, while the natural 
selectivity of GaN/AlN nucleation on Si(111) facets of the patterned Si(001) substrates gave rise 
to the structures with triangular cross-sections as seen in Figure 6.20. Note that no growth took 
place on the grove bottoms and only a thin layer is observed on top of Si terraces, because 
nucleation on Si(111) facets and consequent growth of GaN in the (0001)GaN direction proceed 
much faster than the growth of GaN nucleated on Si(001) facets (natural selectivity). 
 
 
Figure 6.20. Cross-sectional inclined SEM image of  1011  GaN/InGaN/GaN heterostructure 
grown on Si(001) substrate without SiO2 masking layer. The surface undulations are likely due 
to strain caused by In incorporation. 
 
6.5.3. Results and Discussions: Indium Content calculations, and 
QCSE induced Shifts 
Indium content in the polar and semipolar samples was calculated from InGaN peak position in 
resonant micro-PL spectra measured using 380-nm excitation from a frequency-doubled pulsed 
Ti-sapphire laser for an excitation spot size of ~ 1 m. Figure 6.21 shows the active region 
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structure and the excitation dependent spectra. As revealed from PL measurements, the 
GaN/InGaN/GaN heterostructures grown in the same run on patterned Si(001) substrates 
(semipolar) and Si(111) (c-plane) show comparable emission intensity. The indium content can 
be assessed using EInGaN(eV) = 3.493 – 2.843x – bx(1 – x), where x is In fraction, and b is the 
bowing parameter (b = 2.6 eV [160] used here). The wavelength of InGaN-related emission is 
larger for the c-plane GaN/InGaN/GaN structures, indicating higher (2.5-3%) In concentration in 
c-plane oriented heterostructures. Figure 6.1 compares In content in two sets of polar and 
semipolar samples, each set grown in the same MOCVD process. Because of very strong Stark 
effect in the polar structures, to make a fair comparison between the In incorporation into polar 
and semipolar structures, the wavelengths and corresponding In concentrations are listed for 
highest injection levels used when the strongest blue shifts of the emission line was observed.  
Indium incorporation into MOCVD growing layers is controlled by substrate temperature (the 
lower the temperature, the higher the In incorporation), TMI flow rate, and the reagent 
distribution in the gas phase. Since the growth conditions (flow rates of TMI and Si(001) and 
Si(111) substrate temperatures) were the same for each pair of polar and semipolar samples, our 
results point to slightly higher In incorporation rate into the polar c-plane material. However, the 
gas flow dynamics in MOCVD growth process which is different for the planar layers (c-plane 
layer) compared to patterned stripes (in case of semi-polar layers) could induce some variations 
in the results which make us to be unconfident about the said conclusion.  
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Figure 6.21. (a) Cross-sectional SEM image and the schematic of the  1101 GaN/InGaN/GaN 
DH band structure. (Flat bands shown for simplicity) (b) Micro-PL spectra measured at different 
excitation power densities corresponding to the active region carrier densities indicated. 
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Table 6.1. Wavelength of InGaN-related emission and calculated In content in c-plane and
 1101 InGaN samples containing 8 DH/barrier pairs, which were grown at nominal substrate 
temperatures 693 ºC (first row) and 680 ºC (second row). 
 
 
 
As seen from Figure 6.22 the amount of blue-shift in PL peak position with increasing 
optically excited carrier density is substantially smaller for  1101 -oriented structures as 
compared to c-plane counterparts (70 meV vs. 350 meV), thus suggesting smaller polarization 
field in  1101 GaN,  in agreement with theoretical predictions. It should be noted that DHs in 
the polar c-plane structures could be wider than those in the semipolar ones owing to higher 
growth rate in the c-direction; however, the very large difference in the blue shift observed in the 
experiment (5 times) cannot be explained by the difference in the width of active regions.  
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Figure 6.22. PL peak position vs. optically injected carrier density for semipolar  1101  (black) 
and polar c-plane (blue) GaN/InGaN/GaN heterostructures. 
 
Spatio-CL has revealed a strong geometrical effect on the In incorporation into semipolar 
 1101  GaN facets. As seen from Figure 6.23, longer emission wavelength and, therefore, 
higher In content was observed for inclined GaN stripes than for those with the top surface 
parallel to the substrate surface. This finding can be explained by the effect of substrate geometry 
on the local distributions of gas flows in the MOCVD reactor. For instance, the inclined stripe 
may shadow the flat one since it is located higher with respect to the substrate surface (see 
Figure 6.20). Note that stacking faults are also observed on the c+ wings in the structures (Figure 
6.23(b) and Figure 6.23(c)), while they are present only in c
-
 wings of non-coalesced  1101
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GaN. It is likely that the In incorporation into  1101  GaN decreases the formation energy of 
stacking faults. 
 
Figure 6.23. (a) Spatio-CL image showing two GaN stripes with GaN/InGaN/GaN DH on the 
top of s-plane surface, which are nucleated on Si(111) facets oriented at 47º and 61º with respect 
to 7º -off Si(001) surface.  (b) Local CL spectra corresponding to the areas marked on image (a) 
with colored boxes. Colors of spectra match with the colors of boxes in (a) except for the blue 
spectrum which corresponds to the yellow box. (c) Line-scan CL spectrum recorded along the 
path indicated by the line shown in (a). 
 
Inclined stripeflat stripe
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6.6. Limitations and alternatives   
Application of this approach for heteroepitaxy of  1101 -plane heterostructures seems a 
promising approach for the production of low-cost UV and visible operating devices owing to 
substantial reduction in QCSE, low non-radiative recombination rates, robust temperature 
dependent PL, and theoretically predicted enhanced indium incorporation efficiency. However, 
difficult fabrication procedures on patterned substrates, as well as observation of reduced indium 
incorporation (as demonstrated in previous section) seems to be some of the challenges for 
manufacturing of LEDs based on  1101 -plane GaN on patterned Si.  
Moreover, the search for finding the substrate orientation that exhibits the highest indium 
incorporation efficiency requires fair comparisons which could only be possible when comparing 
two orientations with similar substrate geometry. As discussed earlier in this chapter, 
theoretically, the orientation with 60   should exhibit the highest indium incorporation. 
Study of semipolar  1122  with 58  which could be achieved as single phase on m-plane 
sapphire is of great interest owing to planar surface which is favorable for device fabrication. In 
addition, similar surface geometry as well as substrate thermal conductivity of these layers on m-
sapphire compared to c-GaN on c-sapphire enables fair comparison of the two orientations in 
terms of indium incorporation efficiency. 
In next chapter, the focus of our attention will be turned toward heteroepitaxy of single 
phase semi-polar  1122  GaN heterostructures on planar m-plane sapphire as a promising 
approach for manufacturing of low cost efficient UV and visible LEDs. Such investigations will 
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enable us to have a fair comparison of c-plane and  1122 in terms of indium incorporation 
efficiency as a crucial objective for solution of the so called ‘green gap’ problem.  
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Chapter 7 
7. Semi-polar GaN-based Light Emitting Structures on 
Planar Substrates 
7.1. Overview 
As discussed previously, The possibility to achieve (1122)  GaN on planar m-plane sapphire 
substrates[161], [162] makes this semipolar orientation attractive for efficient and cost-effective 
light emitting devices. Moreover, the interest to the (1122) orientation is additionally fueled by 
theoretical works[20], [21], [49] predicting enhanced In incorporation efficiency supported by 
recent experimental reports[22] which makes (1122) structures particularly attractive for green 
light emitters. Despite of all the promises for future generations of long wavelength emitters 
based on semipolar (1122) , cost-effective heteroepitaxy of this orientation of GaN on m-plane 
sapphire suffers from high density of extended defects such as stacking faults (SFs) and 
threading dislocations (TDs) resulting in low optical quality.  
Here, we demonstrate our investigation on semipolar (1122) layers with applied defect 
reduction methods to reduce the extended defect. The investigations include optical and 
structural properties of the layers, nature of defects and their optical activity, exciton localization, 
and optical anisotropy in emissions from ternary InGaN QWs that are heteroepitaxially grown by 
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MOCVD. In addition, indium incorporation efficiency into these layers compared to reference c-
plane layers will be discussed.  
  
7.2. High quality semipolar  1122  GaN on m-sapphire: a nano-
ELO approach  
7.2.1. Overview 
Upon obtaining proper conditions for nitridation and nucleation leading to the growth of pure 
single-phase semipolar  1122 GaN films on m-plane sapphire substrates, we continued our 
study of the  1122 GaN layers with concentration on improvement of their structural and optical 
quality. Therefore, defect reduction methods such as epitaxial lateral overgrowth (ELO), 
inclusive both in-situ[101], [163], [164] and ex-situ [165], [166] techniques, which have been 
successfully used for c-plane, were paid attention to improve optical and structural quality of the 
semipolar structures intended for device applications.  
Up to now, the most common approach to improve the quality of (1122)  GaN is growth 
on patterned sapphire[167]–[174] or Si[175]  substrates. Although considerable progress was 
achieved in this field, the pattering process involves standard lithography, wet or reactive ion dry 
etching, and SiO2 mask deposition, which is costly and time-consuming. 
On the other hand, the in-situ ELO method, also referred to as “nano-ELO”, relies on in-
situ deposition of thin porous SiNx which acts as a mask and blocks extended defects.[101], 
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[163], [164], [176] This method is of great interest, because it does not require special 
preparation of substrates and potentially reduces the production cost. Today in-situ nano-ELO 
growth of c-plane oriented GaN templates on sapphire and Si is widely used in LED industry. 
This approach has been demonstrated to be effective in case of polar c-plane,[101], [163], [164], 
[176]  and nonpolar a-plane,[177], [178] while the reports on defect reduction for the (1122)  
orientation with this method are rare.[174], [179]–[181]   
In this sense, we performed two sets of experiments on in-situ nano-ELO to obtain 
highest optical quality of the semipolar  1122 layers. In the first set of experiments,[102] we 
report the improvement of optical and structural quality of semipolar  1122  GaN layers by 
means of inserting nano-porous SiNx interlayers. In the second set, we demonstrate further 
optimization of the in situ nano-ELO technique with SiNx interlayers deposited at higher 
temperatures (corresponding to higher crystallinity and lower porosity of the interlayers for same 
deposition time) in order to provide optical and structural quality required for device 
applications.  
 
7.2.2. First Set of Experiments 
7.2.2.1. Experimental Details 
The nano-ELO approach involves in situ deposition of a porous SiNx interlayer that acts as a 
nano-mask for the subsequent lateral overgrowth. The overgrowth starts in the nanometer-sized 
pores and then progresses laterally, as in the case of conventional ELO. Thus, the inserted SiNx 
190 
 
nano-mask prevents propagation of threading dislocations and stacking faults in the growth 
direction. The SiNx nano-masks have been used successfully to block threading dislocations and 
thus improve optical properties of polar c-GaN layers.[101], [176] Defect reduction in nonpolar 
a-plane GaN layers grown with SiNx interlayers has also been reported.[177], [178] However, 
reports on effectiveness of SiNx nano-ELO method in reducing defects in semipolar  1122  
GaN are scarce and contradictory.[179], [180]     
From the experience with c-plane nano-ELO, it is known that the porosity of SiNx 
interlayer is strongly dependent on the deposition temperature and time (i.e. thickness).[101] 
Usually the temperature during SiNx deposition is kept constant and the deposition time is 
varied.[101] The longer is the deposition time of SiNx, the lower is the pore density in the SiNx 
non-coalesced layer (or the lower is the area of “seed regions”) and the larger is the area of the 
overgrown GaN (“wing regions”), which results in more effective reduction of threading 
dislocations and potentially stacking faults.  
However, in layers with very low porosity SiNx, new stacking faults and dislocations may 
be introduced at the SiNx/GaN interface. Therefore, depending on number of blocked and newly 
generated extended defects, the method may or may not lead to improvement of overgrown GaN 
quality. In addition, the time required for the GaN layer to coalesce increases as the porosity of 
the SiNx interlayer is reduced which significantly increases the production cost. Thus there is a 
trade-off between blocking of the existing defects, generation of new ones, and the time required 
to coalesce the layer. 
The growth of semipolar GaN layers was performed by MOCVD system (for details of 
growth technique see section 3.4). SiH4 was employed both for Si-doping as well as SiNx 
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interlayer deposition. The single phase  1122  orientation of GaN was achieved on 2-inch m-
sapphire wafers using a 20 nm-thick AlN buffer layer, which was grown at ~600ºC. Then, 
~3µm–thick  1122  GaN layers were grown by using the two-step growth approach. In the first 
step, the growth was carried out at a low reactor pressure of 30 Torr to ensure smooth surface 
morphology followed by the second step performed at a high pressure of 200 Torr to achieve 
high optical quality. The  1122 GaN/m-sapphire wafers were cut into six pieces, which were 
used as templates for further in situ SiNx nano-ELO experiments.  
The in situ nano-ELO procedure used was as follows. First, a ~ 500 nm-thick GaN layer 
was grown on the template at 200 Torr followed by the deposition of a very thin, porous SiNx 
layer under SiH4 and ammonia flow, and growth of the GaN seed layer at a reactor pressure of 
200 Torr at substrate temperature of about 1060ºC. Then, the overgrowth was carried out at 76 
Torr (except sample D) and high substrate temperature of ~1080ºC. In the final stage, a growth 
of about 5-µm–thick GaN layer doped with Si to ~2×1018 cm-3 at a high reactor pressure of 200 
Torr was employed to achieve high optical quality. Growth details of the samples investigated 
are listed in Table 7.1. To observe the improvement due to the SiNx interlayer and for 
comparison with the c-plane variety, two reference samples were used: sample A with semipolar 
 1122  orientation grown on m-sapphire without any SiNx interlayer and sample E, which was 
grown with the same nano-ELO technique on c-sapphire under optimized conditions described in 
Ref. [101]. All the samples used in this study have total thicknesses of 10 to 12µm.  
Scanning electron microscopy (SEM) was employed to characterize surface morphology. 
Room temperature and low temperature steady-state photoluminescence (PL) with HeCd laser 
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excitation (λ=325 nm) and X-ray diffractometery (XRD) were used to evaluate optical and 
structural quality of the samples. 
 
 
Table 7.1. Growth conditions for the semi-polar nano-ELO samples investigated in the first set 
of experiments.[102] 
 
7.2.2.2. Surface Morphologies 
The surface morphology evolution of Sample B at different growth stages is illustrated in Figure 
7.1. The SEM image of the template surface in Figure 7.1(a) shows a relatively flat surface with 
striations along the 1123    direction of GaN. Such morphology is characteristic of the  1122  
GaN surface.[182] The sample surface upon 4.5-min deposition of the SiNx nano-mask followed 
by a 10-min GaN seed layer growth is presented in Figure 7.1(b). The surface is covered by 
triangular GaN islands with varying sizes, which were nucleated in the pores of the SiNx 
interlayer and then extended vertically and laterally. During the recovery stage performed at a 
reactor pressure of 76 Torr, the grains visible in Figure 7.1(b) coalesce and form a continuous 
film [Figure 7.1(c)]. Finally, after subsequent growth at 200 Torr, the sample surface becomes 
smooth again with the characteristic arrow-like features, as shown in Figure 7.1(d). The final 
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surface morphology is quite similar to that of the  1122 GaN/m-sapphire template [Figure 
7.1(a)], but the striations along the 1123   direction are more prominent and longer. Figure 7.2 
compares the surface morphology of the semipolar samples with different SiNx interlayer 
deposition times. One can see that sample B with 4.5-min SiNx nano-mask has the smoothest 
surface, while the other two samples suffer from shallow pits and rough V-shaped features. This 
observation can be explained by the fact that the longer is the SiNx deposition time, the lower is 
the density of pores and the larger are distances between the GaN nucleation islands, and 
therefore, the longer time is needed to achieve a fully coalesced layer with a smooth surface.  
 
Figure 7.1. Plan-view SEM images of sample B at different stages of growth: (a) GaN/m-
sapphire template, (b) after deposition of 4.5 min SiNx interlayer and 10 min GaN seed layer, (c) 
after additional 1.5 h of growth at 76 Torr, and (d) after an additional 1.5 h of growth at 200 
Torr.[102]   
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Figure 7.2. Plan-view SEM images of  1122 GaN films grown with a SiNx interlayers deposited 
for (a) 4.5 min (sample B), (b) 5 min (Sample C), and (c) 7 min (sample D).[102] 
 
7.2.2.3. Structural Characterizations 
To investigate the structural quality XRD measurements were carried out. Rocking curves of 
 1122 reflection were measured along the 1123    and 1100    directions of GaN, as shown in 
the inset of Figure 7.3, which compares the derived full width at half maximum (FWHM) values 
for the samples A, B, C, and D. Insertion of the porous SiNx interlayer is observed to results in a 
decrease in FWHM, i.e., improvement of the structural quality of  1122 GaN. Sample C with a 
SiNx deposition time of 5 min shows the lowest FWHM and the smallest in-plane anisotropy.  
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Figure 7.3. FWHM values of rocking curves measured along 1123  GaN and 1100  GaN 
directions vs. SiNx deposition time. The inset shows the plan-view SEM image and the two in-
plane orientations.[102] 
 
7.2.2.4. Optical Characterizations 
Room-temperature PL measurements indicate the improvement of the optical quality of semi-
polar  1122  GaN grown with the nanoporous SiNx interlayers. Figure 7.4(a) illustrates the PL 
spectra for the semipolar samples with 4.5-min (blue), 5-min (green), and 7-min (magenta) SiNx 
interlayers in comparison with the semipolar reference sample without the SiNx interlayer (red) 
and the c-plane nano-ELO reference sample (black). The PL intensity for the samples with SiNx 
interlayers exceeds that of the  1122  GaN reference film. The PL intensity rises with the SiNx 
deposition time, and the increase in intensity by more than 4 times is observed for sample D (7-
min SiNx). As we discussed above, the increased SiNx deposition time leads to lower porosity of 
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the SiNx interlayer, which should result in more effective reduction of threading dislocation 
density, and therefore, increase in radiative efficiency and PL emission intensity. The plot of 
integrated PL intensity vs. SiNx deposition time [Figure 7.4(b)] demonstrates this dependence.  
 
Figure 7.4. (a) Room temperature PL spectra for the  1122 samples with various SiNx 
interlayers. Also shown are semipolar  1122  (red) and c-plane nano-ELO (black) reference 
samples. (b) Room temperature integrated PL intensity as a function of SiNx deposition time. 
The integrated PL intensity for the c-plane nano-ELO reference is shown as a black circle.[102] 
 
Low-temperature PL spectra for the samples are shown in Figure 7.5. The spectrum for 
the  1122 GaN reference sample A (red) is dominated by peaks around 360 and 369 nm, which 
are assigned to basal-plane stacking faults (BSFs) and prismatic stacking faults (PSFs), 
respectively.[115], [121], [183] The donor-bound exciton (D
0
X) emission is observed as a weak 
shoulder at 356 nm. The high intensities of the BSF- and PSF-related peaks are indicative of a 
large density of optically active stacking faults in the  1122 GaN/m-sapphire template grown 
without SiNx interlayer.  As compared to the reference layer, the samples grown with SiNx nano-
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masks show considerable increase in the intensity of the D
0
X emission, although it is still lower 
than that of the BSF related peak. The structure grown with 5-min deposition time of SiNx 
interlayer exhibits the highest intensity of near band-edge emission in agreement with XRD data. 
The intensities of BSF PL line from nano-ELO semipolar samples decreases only slightly 
compared to the reference sample A, while the intensity of PSF-related emission diminishes 
more. These observations suggest the decrease in the density of threading dislocations and, 
possibly, partial dislocations associated with stacking faults, which are responsible for 
nonradiative recombination, while the total volume of optically active SFs does not change 
substantially. The latter finding can be consistent with the generation of new SFs at the GaN/ 
SiNx interface during overgrowth, which virtually negates the effect of the SiNx interlayer, 
which blocks the propagation of SFs existent in the GaN template underneath. 
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Figure 7.5. 25 K PL spectra for  1122 GaN samples with SiNx interlayers deposited for 4.5 min 
(blue), 5 min (green), and 7 min (magenta). The spectra for the c-plane nano-ELO reference 
(Sample E) (black) and  1122 GaN reference without SiNx (sample A) (red) are also shown for 
comparison.[102]   
 
7.2.3. Second Set of Experiments 
7.2.3.1. Overview 
Later, as a second set of experiments,[184] we worked on further optimization of in situ SiNx 
nano-ELO process with the use of SiNx interlayers deposited at higher temperatures (which 
results in better crystallinity and lower porosity of the interlayers with same deposition time) in 
order to provide optical and structural quality required for device applications.  For the sake of 
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that,  1122 -oriented semipolar GaN layers were grown on m-sapphire substrates by MOCVD 
using controlled seed layer and overgrowth conditions, meaning that, the seed distributions of the 
seed layers for different SiNx deposition times were carefully studied and correlated to the 
overgrown GaN quality. For this set of experiment, growth pressure was kept constant (200 Torr) 
for all the samples for seed layer as well as overgrowth stages. Similar growth condition for 
growth of template was applied for the two sets of experiments.  
7.2.3.2. Experimental Details 
Here, for the subsequent nano-ELO, the growth was interrupted to deposit a very thin porous 
SiNx layer in a flow of SiH4 and ammonia at a substrate temperature of 1040°C and a reactor 
pressure of 200 Torr. A GaN seed layer was then grown for 20 min at the same pressure and 
temperature (stage 2 in Figure 7.6). As mentioned, compared to our previous work (Subsection 
7.2.2), the SiNx interlayer was deposited at an elevated substrate temperature, which resulted in 
lower pore density in the SiNx interlayers for a given deposition time. In these experiments, we 
varied the SiNx deposition time from 1 to 3 min, keeping all other conditions the same. For the 
same deposition temperature, the longer the SiNx deposition time is, the lower the pore density 
will be in the nano-mesh. Thus, for this set of experiments, depending on the SiNx deposition 
time, different porosity of the SiNx layers and, consequently, various densities of GaN islands 
were obtained, as illustrated schematically in stage 2 of Figure 7.6 (a, b, c, and d). Finally, the 
GaN layers were overgrown at 200 Torr and 1040 ºC and doped with Si to ~2×10
18
 cm
-3
 at 200 
Torr reactor pressure to achieve the highest optical quality.  
The total thickness of the GaN stack is 11.5 µm for all the samples. In this study, we used 
two reference samples. One is a c-plane GaN film which has been grown with the same in-situ 
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nano-ELO technique on c-sapphire.[101] The second reference sample is a semipolar (1122)  
GaN film grown on m-sapphire but without the SiNx interlayer (referred to as the (1122)  GaN 
template). To provide a fair comparison of semipolar nano-ELO structures, the total thickness of 
the reference films was chosen to be similar. 
Scanning electron microscopy (SEM) and atomic forced microscopy (AFM) was used to 
examine surface morphology. Optical properties of the layers were evaluated using steady state 
and time-resolved photoluminescence (PL). The steady-state PL measurements were performed 
using HeCd laser excitation (λ = 325 nm) for which the samples were mounted on a closed-cycle 
He-cooled cryostat for low temperature measurements. For the time-resolved PL (TRPL) 
measurements, a frequency-tripled pulsed Ti-sapphire laser (265 nm excitation) with a pulse 
width of 150 fs and an excitation spot diameter of ~ 50 µm and a Hamamatsu streak camera with 
25 ps resolution were utilized. Cross-sectional scanning transmission electron microscopy 
(STEM) was utilized to evaluate the role of SiNx interlayer in blocking the extended defects. The 
STEM analyses were performed in a scanning transmission electron microscope FEI (S)TEM 
Tecnai F20 equipped with a bright-field annular detector (BF) by the Gatan company. The 
sample was prepared in cross-section by mechanical wedge polishing combined with Ar+ion 
milling. Detailed information about the experimental setup and sample preparation can be found 
elsewhere.[185], [186] 
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Figure 7.6. Schematics of the nano-ELO process including (Stage 1) the growth of GaN buffer 
(left panel), (Stage 2) deposition of SiNx nanomesh followed by seed layer (middle panel) and 
(Stage 3) ELO-GaN overgrown (right panel). Second stage is illustrated with four different seed 
layer morphologies (that is dependent on SiNx deposition conditions) with increasing density of 
nucleation islands from A to D. 
 
7.2.3.3. Surface Morphologies 
To study the initial stage of the overgrowth on the SiNx nano-mesh (stage 2 in Figure 7.6), the 
growth was stopped after 20 min of GaN on SiNx and the samples were unloaded for surface 
morphology investigation under an optical microscope and SEM. The samples were then loaded 
back into the MOVCD chamber and the growth was resumed. Figures 7.7(a)-7.7(c) compare the 
surface morphology of the semipolar GaN samples overgrown for 20 minutes on the templates 
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with different SiNx deposition times. To reiterate, the porosity of the SiNx layer is dependent on 
the deposition time: the shorter is the SiNx deposition time, the higher is the pore density in the 
nano-mesh, and GaN nucleates on the sites corresponding to pores in SiNx layer. Therefore, the 
density of nucleated GaN islands represents the porosity of the SiNx nano-porous mask. The 
GaN layer on the 1-min SiNx nano-mesh (Figure 7.7 (a)) is fully coalesced after 20 min of 
growth (similar to the case d in Figure 7.6), since the pore density, and consequently, the density 
of GaN nuclei, is the highest in this case. The GaN layer on the 1.5-min SiNx (Figure 7.7 (b)) is 
partially coalesced (similar to the case c in Figure 7.6), and the surface of the sample with 3-min 
SiNx (Figure 7.7 (c)) is covered with GaN islands that were nucleated in the pores with relatively 
low nucleation density (similar to the case b in Figure 7.6). Figure 7.7(d) shows an SEM image 
of the GaN islands on the template surface.   
 
Figure 7.7. Optical microscopy images of  1122 GaN layer surface after 20 min of GaN growth 
on (a) 1-min, (b) 1.5-min, and (c) 3-min SiNx interlayers. (d) Inclined view SEM image of 
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semipolar  1122 GaN seeds on porous SiNx interlayer. [Reprinted with Permission from 
Ref.[184]] 
 
Figures 7.8 shows optical microscope images of the final surfaces of the 11.5 µm-thick 
nano-ELO samples. One can see that the samples with 1- and 1.5-min SiNx interlayers have fully 
coalesced surface with arrow-like features elongated in the [1123] direction of GaN (Figures 
7.8(a) and (b)), which is a characteristic of (1122) GaN layer surface.[182] The sample with 3-
min SiNx interlayer, however, suffers from holes and rough V-shaped features (Figure 7.8(c)). 
AFM images of the samples with 1.0-, 1.5-, 3.0-min SiNx interlayers and the reference (1122)  
GaN template are displayed in Figure 7.9. The root-mean-square (rms) values measured on 50 
µm×50 µm areas are 53, 34, 50, and 251 nm for layers having 0, 1.0, 1.5, and 3.0 min SiNx 
deposition times, respectively. Thus, the sample with the shortest SiNx deposition time shows 
the best surface morphology. 
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Figure 7.8. Optical microscopy images of the final surface morphologies of in-situ nano-ELO 
 1122 GaN layers grown with SiNx interlayers deposited for (a) 1.0, (b) 1.5, and (c) 3.0 min. 
[Reprinted with Permission from Ref.[184]] 
 
 
Figure 7.9. AFM images of the semipolar  1122 GaN layers grown on m-sapphire using porous 
SiNx interlayer with (a) 0.0 min (reference), (b) 1.0 min, (c) 1.5 min, and (d) 3.0 min deposition 
times. Note the vertical scales are 500 nm except for (d) which is 5.0 µm. [Reprinted with 
Permission from Ref.[184]]   
205 
 
 
7.2.3.4. Optical and Structural Characterizations 
Figure 7.10(a) shows low-temperature (25 K) PL spectra of the samples under study. One can 
see that the spectrum for the (1122 ) GaN template grown without the SiNx interlayer is 
dominated by a peak centered around 3.425 eV (362 nm) related to basal plane stacking faults 
(BSFs),[121], [183]while donor-bound exciton (D
0
X) emission is seen only as a weak shoulder 
at 3.464 eV (358 nm). It should be mentioned that the BSF density in the layer can be correlated 
to the ratio of D
0
X-to-BSF related intensities rather than to the BSF intensity by itself, as the 
BSF emission intensity can be also suppressed due to higher density of nonradiative centers, 
which include point defects and dislocations. The low value of the ratio of D
0
X-to-BSF emission 
intensities is indicative of a large contribution from BSFs, thus suggesting their high density in 
the reference sample. It should be noted that the overall PL intensity, to the large extent, is 
limited by the density of dislocations (which are nonradiative defects), rather than stacking faults 
(which are optically active). For the sample grown with 1.5 min SiNx, the intensity of both BSF-
related and DX low-temperature PL lines as well as room-temperature PL intensity (Figure 
7.10(a)) considerably increase compared to the reference sample grown without SiNx, although 
the D
0
X-to-BSF intensity ratio improved only slightly compared to the reference sample. This 
implies that the 1.5-min SiNx nanomesh effectively blocks dislocations rather than BSFs. 
Employment of the 3-min SiNx interlayer improves the D
0
X-to-BSF intensity ratio, thus 
suggesting the reduction in the BSF density in this sample. However, as apparent from the low-
temperature PL spectrum (Figure 7.10(a)), the BSF density is still high.  
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Figure 7.10. (a) Low-temperature (25 K) and (b) room-temperature PL spectra for in-situ nano-
ELO  1122 GaN structures with SiNx interlayers deposited for 1.5 min and 3 min in comparison 
with spectra for  1122 GaN/m-sapphire template without SiNx interlayer and c-plane nano-ELO 
GaN film. [Reprinted with Permission from Ref.[184]] 
 
Figure 7.10 (b) compares the room-temperature PL spectra obtained from the in-situ 
nano-ELO (1122)  GaN films with those from the (1122) GaN reference sample without any 
SiNx interlayer and the c-plane nano-ELO reference sample. One can see that the introduction of 
the SiNx interlayer considerably improves the room-temperature PL intensity; the emission 
intensity from the sample with 1.5-min interlayer is only 3.8 times lower than that for the c-plane 
nano-ELO layer, while the PL intensity from the (1122) GaN reference sample without the SiNx 
interlayer is approximately 20 times lower, suggesting that a PL intensity improvement by more 
than 5 times is obtained by applying the nano-ELO technique. It should be mentioned that the PL 
intensity is improved by a factor of 2 (on average) compared to the layers obtained in the 
previous study[102] (see subsection 7.2.2)which were grown at a lower SiNx deposition 
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temperature (by 15 ºC). We can explain this improvement by the fact that the increase in SiNx 
deposition temperature results in less porous nano-mesh, which more effectively blocks 
nonradiative defects. In addition, the surface morphology is significantly improved compared to 
our structures reported earlier.[102] 
To investigate the effect of in-situ nano-ELO on carrier dynamics, we have performed 
time-resolved PL (TRPL) measurements. Figure 7.11 depicts PL transients for the (1122) GaN 
samples with SiNx interlayers measured with an excitation power density of 240 W/cm
2
 at room 
temperature. As seen from the figure, the transients exhibit single exponential decay. We have 
found that, while (1122 ) GaN layers grown without SiNx interlayers but with identical total 
thickness exhibit a fast decay of about 0.15 ns, the PL decay times for the nano-ELO semipolar 
samples are longer by 35% to 85% (with 0.20 and 0.27 ns for the samples with 1.5- and 3.0-min 
SiNx interlayers, respectively), although still shorter than that for the polar c-plane reference 
layer (0.66 ns). Thus, the TRPL data also indicate that the nano-ELO technique results in 
considerable improvement of the optical quality of semipolar material. Moreover, the increase in 
carrier lifetime as a function of SiNx deposition time (demonstrated in the inset of Figure 7.11) is 
consistent with the reported data on the optimization of nano-ELO technique for case of c-plane 
GaN grown on c-sapphire.[101] 
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Figure 7.11. Time-resolved PL intensities for in-situ nano-ELO  1122 GaN with SiNx 
interlayers deposited for 1.5 min and 3 min compared to reference layer without interlayer. The 
data for the c-plane GaN film prepared by the in situ nano-ELO technique is also shown for 
comparison. Solid lines are exponential fits. The inset demonstrates correlation between room 
temperature PL decay time and SiNx deposition time and consequently seed morphology. 
Reprinted with Permission from Ref.[184]] 
 
The reduction in BSF density due to the SiNx interlayer, as concluded from enhancement 
of the D
0
X emission with respect to BSF-related PL line (see Figure 7.10(a)), is also supported 
by STEM data. Figure 7.12 shows a cross-sectional bright field STEM image of a semipolar 
nano-ELO structure grown at a lower SiNx deposition temperature of 1025°C (more details can 
be found elsewhere[102]).  A high density of basal plane stacking faults running at an angle of 
58.4° with respect to semi-polar surface can be clearly seen in darker contrast in the bottom GaN 
layer. Importantly, it is clearly seen that the BSFs are locally blocked fairly efficiently at the 
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SiNx interlayer resulting in a significantly reduced BSF density in the upper semi-polar GaN 
layer. The improvement in BSF density for the nano-ELO layer (above the nano-mesh) 
compared to the semipolar template (below the nano-mesh) correlates with the improvement in 
the D
0
X-to-BSF intensity ratio for the nano-ELO compared to the reference semipolar layer. In 
the low-temperature PL spectrum exhibited by this sample (not shown), the D
0
X-to-BSF 
intensity ratio was improved by a factor of 4 compared to the reference (1122)  layer without 
nano-mesh. 
 
Figure 7.12. Cross-sectional STEM image in bright field contrast of in-situ nano-ELO  1122 -
oriented semipolar GaN layer grown on 2-min SiNx nano-mesh deposited at 1025°C. [Reprinted 
with Permission from Ref.[184]] 
 
The data obtained indicate that the insertion of the SiNx interlayer improves the surface 
morphology as well as optical properties of the overgrown (1122) GaN layer. However, there is 
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a trade-off between surface morphology and optical quality; the increase in SiNx deposition time 
improves the optical quality with the cost of increase in surface roughness. More extensive 
studies of the semipolar nano-ELO structures by means of cross sectional STEM in combination 
with spectrally and spatially resolved cathodoluminescence are in progress and the results will be 
reported elsewhere. 
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7.2.4. Summary and Conclusions 
In summary, employment of the in-situ nano-ELO technique leads to semipolar (1122) GaN 
layers with relatively smooth surface morphology and optical properties (PL intensity and carrier 
lifetimes) approaching to those of the c-plane GaN. An enhancement in the room-temperature 
photoluminescence intensity by a factor of 5 has been attained for layers with SiNx nanomesh 
compared to the layer with identical total thickness but without the SiNx interlayer. The 
recombination lifetime was found to increase from 150 to 270 ps with the deposition time of the 
SiNx nanomesh when a 3 min SiNx interlayer was used (in the second set of experiments).  
Moreover, a trend has been observed for increase in carrier lifetime as a function of 
deposition time (or reduction in surface coverage in seed layer stage). Application of such trends 
in optimization of the semipolar GaN optical and structural quality in seed layer stage as well as 
the recovery stages could be helpful for utilizing the method to obtain highest quality as well as 
smooth surface morphology. Approaching the optical quality of the state of the art c-plane layers 
utilizing the nano-ELO technique presented here for semipolar  1122 in one hand, and 
exhibition of higher indium incorporation efficiency for this semipolar orientation on the other 
hand (which will be demonstrated later), could pave the way toward cost-effective and efficient 
green emitters and beyond.   
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7.3. Optical activity of stacking faults in Heteroepitaxial  1122  
GaN/m-sapphire    
7.3.1. Overview 
In spite of the great improvement of semipolar  1122 GaN obtained by applying SiNx 
nanoporous interlayers, these layers still contain moderate density of basal plane and prismatic 
stacking faults. In general, depending on the effectiveness of nano-ELO process, the SiNx mask 
can block the threading dislocations, SFs, or both. As can be seen in previous section, the layer 
with better surface morphology still featured high BSF related emission line at low temperature 
PL spectrum, even though the TD density has been suppressed as evidenced by high integrated 
PL intensity at room temperature. Therefore, in order to study the intrinsic properties of this 
orientation and to understand optical performance of the overgrown light emitting 
heterostructures, it is worthy to somehow study defects (SFs) and their optical activity.   
Stacking faults are regarded as interrupted stacking sequences in the crystal develop by 
slip. In wurtzite GaN, they form on  0001 basal plane and on  1120  prismatic planes. The 
stacking sequence of the  0001 basal plane in wurtzite crystals is “ABABABABA...” where the 
letters A and B denote lattice structures consisting of atomic Ga-N bilayers. SFs are terminated 
by surfaces or heteroepitaxial interfaces, and propagated by dislocations within a crystal. I1-type 
basal plane stacking fault (BSF) is the most common type observed in semipolar/nonpolar GaN 
templates which has the lowest formation energy compared to I2-, I3- and E-type basal plane 
stacking faults. It has recently been shown that the formation of I1 type BSF is related to the 
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coalescence of islands in the Volmer-Weber growth mode.[187] Prismatic stacking fault 
(PSF)[188]
 
 is attached to basal plane stacking faults which usually fold into basal-plane faults. 
The atomic configuration of the PSFs is reported in a high-resolution transmission electron 
studies.[189] PSFs connect two I1–type BSF with stair-rod dislocations forming at the 
intersections, leading to step-like features and loops.  
The alignment of the conduction and valence bands is very important for 
heterostructures. The conduction and valence band offsets have opposite signs for type-I 
alignment, whereas type-II alignment has band offsets in the same sign. Both electrons and holes 
are confined in the QW for a type-I alignment, while the holes reside outside the QW for a type-
II alignment. In a wurtzite GaN, BSFs are regarded as thin zinc-blende segments in wurtzite 
matrix, which are under high uniaxial compressive strain shifting the conduction band to form a 
potential well in the band diagram.[190] At low temperatures, the free exciton emission is found 
to be placed at 3.478 eV [191] and at 3.276 eV [192] for a wurtzite and zinc blende GaN, 
respectively. The wurtzite phase creates a significant spontaneous polarization compared to zinc-
blende phase, which leads electric fields to across the SF quantum wells. In literature, the debate 
still continues about whether the band alignment for wurtzite/zinc-blende heterostructure in GaN 
is type-I [193] or type-II.[194] In a recent study, Lähnemann et al compared a type-I band 
alignment with a type-II band alignment taking the polarization field of 12.5 .MV cm  (
2 0.022 spP Cm
  ) into account for up to 3 nm thick cubic segments (BSFs) in a wurtzite GaN 
matrix. They carried out the calculations using the effective-mass approximation through a self-
consistent solution of the one-dimensional Poisson and Schrodinger equations.[195] Their 
calculations predicted small differences in transition energies with increasing cubic segment 
thickness in the wurtzite matrix confirming similar behavior of a type-I band alignment and a 
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type-II alignment due to the fact that the spontaneous polarization dominate the emission energy 
change, and holes are confined in the triangular valence bands regardless of the actual band 
alignment.[195] Microscopic mechanisms governing the stacking fault formation as well as their 
effects on the optical quality are not well understood yet. There are limited studies in literature 
regarding recombination dynamics associated with basal plane stacking faults[196]–[199] and no 
studies are dedicated to recombination dynamics associated with the prismatic stacking faults. 
Therefore, comprehensive studies for the defects in nonpolar and semipolar nitrides and their 
influence on the optical quality through the recombination dynamics are essential for achieving 
device-quality material. 
 
7.3.2. Strong carrier localization in stacking faults in semipolar (11-22) 
GaN 
7.3.2.1. Overview 
To date, there are only a few studies demonstrating stacking faults related emission at room 
temperature[128], [183] in which the BSF lines were observed to be quenching with increasing 
temperature and shifting together with the near band edge line. Here,[200] we intend to explore 
such optical behavior of stacking faults more comprehensively. Therefore, various optical 
techniques such as photoluminescence (PL), time- and polarization-resolved PL (TRPL and 
PRPL) were used to investigate the recombination dynamics of carriers in these extended 
defects. Moreover, influence of stacking faults on optical performance and recombination 
dynamics of semipolar  1122 GaN will be discussed. 
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7.3.2.2. Experimental Procedure 
 
Semipolar  1122 GaN layer was grown on m-plane sapphire substrate by metal-organic 
chemical vapor deposition (MOCVD) applyed an in-situ epitaxial lateral overgrowth (or nano-
ELO) method with SiNx used as nano-mask was utilized to obtain enhanced optical and 
structural quality. First, 500 nm thick GaN layer was grown on m-plane sapphire substrate with 
mass flow rates of 17 sccm and 9 L for TMGa and NH3, respectively, at a temperature of 1040 
°C and a chamber pressure of 200 Torr. Then, a very thin nano-porous SiNx layer was deposited 
in a SiH4 flow, followed by a 800 nm thick GaN growth at chamber pressure 200 Torr with mass 
flow rates of 17 sccm and 9 L for TMGa and NH3, respectively, at a temperature of 1050 °C. 
Detailed description of the nano-ELO process is provided in section 7.2. Figure 7.13(a) shows 
the growth schematic of the sample while Figure 7.13(b) displays the crystallographic planes and 
directions in wurtzite GaN. Photoluminescence measurements were performed using frequency-
tripled Ti:Sapphire laser excitation (267 nm) with a pulse width of 150 fs. For temperature 
dependent measurements, the sample was mounted on a closed-cycle He-cooled cryostat where 
emission was collected from the cryostat window using an optical fiber focused into a 
spectrometer. The collected PL was analyzed by a liquid nitrogen cooled charge couple device 
(CCD) which was connected to the spectrometer. Time-resolved photoluminescence (TRPL) was 
measured between a temperature range of 15 K and 295 K to investigate the effects of defects on 
the carrier dynamics. Hamamatsu streak camera was used in order to analyze the time-resolved 
data. In polarization-dependent PL measurements, a linear polarization analyzer was used to 
resolve the polarization state of the PL and collected signal was analyzed using CCD. 
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Figure 7.13. Schematic representation of growth procedure for  1122  GaN (a) and Polar and 
semipolar crystallographic directions in wurtzite GaN structure (b).  1122 GaN plane is shown 
in (b).[200] 
 
7.3.2.3. Excitonics Recombination Dynamics in Stacking Faults 
In order to explore the optical behavior of stacking faults, free exciton (FX), basal- plane 
stacking faults emission were evaluated in temperature dependent steady-state PL measurements. 
Figure 7.14 shows PL spectra for the semipolar  1122  GaN sample collected a set of different 
temperature levels (from 15 to 295 K). The optical transitions from the stacking faults are clearly 
observed at 15 K PL spectra for the  1122 GaN template, and indicated with different colored 
lines for their temporal evolution in Figure 7.14. These transitions occur at energies changing 
between 3.31 eV and 3.43 eV at 15 K. The I1-type BSF (3.43 eV at 15 K) is found to have 
highest PL intensity for the given temperature range in the semipolar GaN compared to other 
types. Comparing the reported peak emission for the stacking faults it can be concluded that the 
stacking faults in this semipolar  1122  GaN layer are under compressive strain which blue 
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shifts their peak energy by about 1-2 meV. The emission energies for the I1, I2 and E-type BSFs 
(or PSF) at room temperature are found to be 3.38, 3.30 and 3.24 eV, respectively, which are in a 
very good agreement with the values reported by Lähnemann et al.[195] One should note that the 
BSF related emissions quenched at room temperature indicating that nonradiative recombination 
paths become dominant with increasing the temperature. This claim can be supported by the 
huge reduction in integrated PL intensity for the spectra at room temperature compared to that 
measured at low temperature (see Figure 7.14). These nonradiative recombination centers are 
believed to be mainly Frank and Shockley dislocations surrounding the basal plane stacking 
faults.  
 
Figure 7.14. Temperature-dependent PL spectra for the semipolar  1122  GaN layer.[200] 
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As reported by Rabane et al.,[201] the binding energy of an electron at a basal plane 
stacking fault is estimated to be nearly 25 meV from a solution of one-dimensional Schrodinger 
equation for a square quantum well. The calculation is obtained for the case of δ-potential well 
approximation where the binding energy is defined as 2 2
e e c
E m ( E L) / 2  . The length of the basal 
plane stacking fault is taken as 1L nm  and the electron effective mass as 
e 0
m 0.2m . It is 
believed that the binding energy of an exciton bound to a stacking fault must be higher since the 
hole effective mass is much higher than that of a free electron’s. Supporting this argument, the 
binding energy of a free exciton at a stacking fault is found to be 45 meV based on the 
theoretical calculations by Rebane et al.[201] According to the discussion, one can say that 
electrons can even bind to basal plane stacking fault at room temperature in either free or 
excitonic forms which is very consistent with the steady-state PL results shown in Figure 7.14(a) 
where the BSF emission is clearly observed at room temperature.  
Evaluating earlier reports, it is found that 3.31 eV emission in the 15-K PL spectrum can 
be either from E-type basal plane stacking faults or prismatic stacking faults, which has PL 
intensities similar to I1-type BSF at low temperatures. Due to high density of I1-type BSF in the 
semipolar  1122 GaN layer, the 3.31 eV line is likely due to PSF since PSFs are always 
associated with I1–type BSF. However, transmission electron microscopy study is needed in 
order to state unambiguously, if this emission is originated from PSFs rather than from E-type 
BSFs. Both PL intensities for I1-type BSFs and 3.31 eV emission show slight decrease between 
15 K and 80 K following with a drastic droop with further temperature increase, as can be seen 
in Figure 7.15(a). It is believed that this behavior is closely related to donors which are acting as 
exciton capture sites up to 80 K. Excitons are fully delocalized from donors at temperatures 
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above  80 K (localization energy of the donors is 7 meV (~80K)).[198] PL ratio from these 
stacking faults showed slight increase from 15 K to 80 K (Figure 7.15(b)). However, the ratio 
significantly decreased by increasing the temperature above 80 K. The slight increase in the ratio 
up to 80 K might be due to either the carrier transfer between the stacking faults of different 
kinds or different radiative recombination efficiency of carriers in different type of stacking 
faults. The latter is supported by time-resolved PL results that will be discussed later. The fast 
decrease in the PL ratio after 80 K can be the indication of the carriers having lower binding 
energy at 3.31 eV SF compared to I1-type BSF while we know that 3.31eV emission is deeper 
with respect to wurtzite matrix than I1-type BSF. One can assume that an electron bound to a 
3.31 eV SF can either bind to a basal plane stacking fault at low temperatures or become free 
when the substrate temperature is increased above 80 K. However, the effect of the nonradiative 
centers cannot be neglected in all processes affecting intensity of all stacking fault related 
emissions via carrier capture. This is very plausible assumption that the donors cannot prevent 
excitons from nonradiative recombination since the binding energy of excitons is insufficient to 
keep them localized near donors at room temperature. 
 
Figure 7.15. (a) PL intensity and (b) PL intensity ratio of 3.31 eV SF and I1-type BSF with 
respect to temperature.[200] 
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Temperature dependent TRPL measurements were performed to better understand the 
effect of stacking faults on recombination dynamics. Figure 7.16 shows PL decay times obtained 
from biexponential fitting of PL transients for I1-type BSF and 3.31 eV SF related emissions. It 
should be also mentioned here that recombination dynamics are affected by not only stacking 
faults, but also point defects and threading dislocations. However, the discussion here is limited 
to effects of longer decay times are taken as characteristic PL decay times since initial fast 
decays in transients are related to the carrier diffusion away from the surface deeper into the 
sample.[201], [202]
 
Among the stacking fault emissions, higher PL intensity and faster decay 
times for I1-type BSF compared to other stacking faults indicate that I1-type BSF has larger 
density and larger contribution to overall recombination dynamics.  It should be also mentioned 
here that recombination dynamics are affected by not only stacking faults, but also point defects 
and threading dislocations. However, the discussion here is limited to effects of stacking faults 
on the recombination dynamics deduced from their temperature dependent PL decay profiles. PL 
decay times of both I1-type BSFs and 3.31 eV SFs do not show temperature dependence up to 80 
K. After 80 K, PL decay times decreased as ~T
-2
 and ~T
-1
 for I1-type BSFs and 3.31 eV SFs, 
respectively. One may conclude that the carrier delocalization with increasing temperature is 
higher in I1-type BSF compared to 3.31 eV SF. This is consistent with position of the stacking 
faults related energy levels close to bottom of the conduction band. Obviously, the I1-type BSFs 
energy level is closer to the conduction band bottom level of GaN wurtzite matrix compared to 
3.31 eV SFs, which makes the carriers in 3.31 eV SF to be trapped more easily. This trapping 
can occur by either other basal plane stacking faults or conduction band by giving additional 
thermal energy. However, one should also consider the temperature effects where the probability 
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for the dissociation of excitons into free carriers increases with increasing the temperature. It 
must be also taken into account that the carrier localization will be different for the free excitons 
and donor bound excitons compared to free electrons. For example, when free excitons are 
around the vicinity of a BSF line, the probability of their capture by the BSF will be higher than 
that by donors. This is more effective up to 80 K since the excitons localized at the donors 
cannot bind to donors anymore above this temperature. Another mechanism related to electron 
localization in basal stacking faults was investigated by Confdir et. al.[203] They theoretically 
showed that presence of a donor in the vicinity of an I1-type basal stacking fault localizes the 
electrons along the plane of the basal plane stacking fault. The localization becomes stronger 
when the distance between the donor and the basal stacking fault reduces, and reaches its 
maximum when the donor is placed inside the basal stacking fault.[203]  
 
Figure 7.16. PL decay times for I1-type BSF and 3.31 eV SF obtained from bi-exponential fits of 
the transients.[200] 
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Nevertheless, the most effective process for the dramatic decrease in PL decay time for 
the both types of stacking fault emissions at temperatures above 80 K is related to nonradiative 
recombination since increasing the temperature activates the nonradiative channels by 
delocalizing carriers from either donors or stacking faults and thus assisting them to reach the 
nonradiative-recombination centers. It can be understood from above discussion that the 
processes associated with the carrier recombination dynamics together with stacking faults are 
quite complicated and it is indeed difficult to distinguish all effects one by one using only optical 
techniques. However, optical techniques could provide strong evidence about the dominating 
mechanisms on the carrier recombination dynamics when temporal evolution of PL intensity and 
PL decay times for the stacking faults are investigated. One may conclude that exchange of 
carriers between the energy levels (conduction band, donor bound, and stacking faults) takes 
place via carrier trapping/detrapping processes and affects the carrier dynamics in addition to 
nonradiative recombination centers.  
The temperature-dependent PL lifetimes and PL intensity ratios were used to separate the 
radiative and nonradiative lifetimes for both I1-type BSF and 3.31 eV SF emissions. Figure 7.17 
shows extracted radiative and nonradiative lifetimes. As seen from Figure 7.17 the radiative 
lifetime dominates the PL decay time at low temperatures and increases with increasing 
temperature. The theoretical value for the temperature dependence of radiative decay time is 1.5 
for bulk samples, and 1 for two-dimensional structures as shown in Figure 7.17. However, the 
slopes obtained for the stacking fault emissions differs substantially from the theory as the 
stacking faults are expected to show two-dimensional character. This strongly implies that other 
mechanisms are affecting the radiative recombination dynamics. The slope for 3.31 eV SFs is 
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found to be steeper compared to I1-type BSFs indicating that the density of carriers, which 
contribute the radiative recombination, in 3.31 eV SF decreases much faster with increasing the 
temperature compared to I1-type BSF. As seen in Figure 7.17, the radiative lifetime at 200 K is 
~20 ns and ~100 ns for I1-type BSFs and 3.31 eV SFs, respectively. Assuming a radiative 
recombination coefficient B = 5×10
-11
 cm
3
/s and using the 1/Rad BN   one can find the carrier 
density, which is denoted by N  in this equation. The carrier densities associated with I1-type 
BSFs and 3.31 eV SFs at 200 K are calculated to be 10
18
 cm
-3
 and 2×10
17
 cm
-3
, respectively. 
Based on the slopes, the radiative decay times for the I1-type BSFs and 3.31 eV SFs at room 
temperature will be ~40 ns and ~300 ns, respectively. As noticed, the radiative decay for the I1-
type BSFs reduces to half at room temperature compared to 200 K, while the decay slowed down 
by factor 3 for 3.31 eV SF. Therefore, the carrier densities at room temperature will be 5×10
17
 
cm
-3
 and 6.6×10
16
 cm
-3
 for the I1-type BSF and 3.31 eV SF, respectively. This clearly shows that 
the escape rate of the carriers from the 3.31 eV SF are much faster than the I1-type BSF 
supporting the earlier arguments and data. The electron bound to these stacking faults can either 
bind to another stacking fault or become a free electron when the substrate temperature is 
increased. However, the effect of the nonradiative centers, surrounding the stacking faults, 
should not be neglected in all processes. 
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Figure 7.17. Temperature-dependent radiative and nonradiative decay times extracted from PL 
decay times. Stars, open circle and full square show radiative, nonradiative and PL decay times, 
respectively.[200] 
 
 
7.3.2.4. Optical Anisotropy of Stacking Faults related emissions 
Effects of stacking faults on optical processes are further investigated using polarization-resolved 
PL (PRPL) technique. Figure 7.18 shows the polar plot of normalized PL intensity for I1-type 
BSF and 3.31 eV SF emissions from the semipolar GaN sample measured at 15 K. The 
directions of the excitation light wave vector k and the electric field E with respect to selected 
crystallographic directions in a wurtzite structure are indicated in the same figure. A linear 
polarization analyzer was used to resolve the polarization state of the PL with the light collected 
always normal to the sample surface. 90° for the polarizer corresponds to polarization parallel to 
the 1120   GaN axis. The degree of polarization is defined as    h l h lI I I I   , where hI  and 
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l
I  represent the highest and the lowest PL intensities resolved, respectively. The degree of 
polarization is found to be 0.30 and 0.15 at 15 K for the I1-type BSF and 3.31 eV SF lines, 
respectively. Polarization may seem to diminish when carriers recombine through the 3.31 eV 
SFs compared to I1-type BSFs. However, the two times decrease in degree of polarization can 
arise from different orientations of the stacking faults. This result is quite different from the 
PRPL results reported by Okur et. al.[204] where the degree of polarization clearly reduces when 
carriers recombine through basal plane stacking faults affecting adversely the optical quality of 
semipolar  1101 GaN layers.  
 
Figure 7.18. Normalized polarization-resolved PL intensity plot for the I1-type BSF and 3.31 eV 
SF at 15 K together with directions for the excitation light wave vector k and the electric field E 
with respect to selected crystallographic directions in the wurtzite structure.[200] 
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7.3.2.5. Summary and Conclusions 
In summary, Stacking faults are found to be actively involved in optical processes substantially 
influencing the carrier dynamics in semipolar  1122  GaN/m-sapphire. In addition to 
nonradiative recombination centers, carrier trapping/detrapping by stacking faults and carrier 
transfer between stacking faults and donor energy levels are found to be among those processes 
affecting the carrier recombination processes at different temperature levels. Temperature 
dependent steady-state PL results showed that carriers are loosely localized in 3.31 eV SF 
compared to I1-type BSF. This is evidenced by strong I1-type BSF PL appearing at room 
temperature while the 3.31 eV SF PL dies around 250 K. Temperature has a strong influence on 
the PL intensity ratio of those two which is believed to be closely related to exciton localization 
energy to donors (7 meV) where excitons are fully delocalized from donors after 80 K. Higher 
PL intensity and much faster radiative recombination decay times of I1-type BSF compared to 
3.31 eV SF showed that I1-type BSF has larger density and larger contribution to recombination 
dynamics 
 
7.3.3. Wurtzite/zinc-blende electronic-band alignment in basal-plane 
stacking faults in semi-polar GaN 
7.3.3.1. Overview 
As discussed before, heteroepitaxial semipolar and nonpolar GaN suffer from high densities of 
extended defects resulting in poor optical and structural quality.[102], [162], [183], [200], [205] 
Such extended defects significantly affect the layer properties by contributing in recombination 
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dynamics [122], [130], [148], emission characteristics (as nonradiative recombination 
centers[101] as well as sources of PL broadening by introducing emission lines[121], [200]), 
transport properties[57], [61], and impurity incorporation[106]. The understanding of the 
extended defects including stacking faults and their contributions to device properties is thus 
imperative. In order to develop a deep understanding of the effect of stacking faults on optical 
and transport properties of the heterostructures, the contributions of such defects and their 
electronic band structure needs to be realized.  
As mentioned earlier in this section, basal plane stacking faults (BSFs) are considered as 
inclusions of the cubic zinc-blende phase in the GaN wutrzite matrix which result in band 
discontinuity at BSF interfaces because of different bandgaps of  the cubic and the wurtzite GaN 
phase.[195] This provides a confinement in the lower bandgap phase and thus affects 
recombination dynamics[200] and emission spectra[121], [195]. Emission lines corresponding to 
recombination at BSFs have been reported between 3.29 to 3.42 eV at room temperature for 
Intrinsic (I1, and I2 types) and extrinsic (E type) BSFs the emission energy being dependent on 
the number of cubic layers (width of the quantum well (QW)) .[121], [183], [206]–[209] There 
is, however, still a debate on the type of band alignment, type I or type II, for this WZ/ZB QW 
system with atomically flat interfaces representing BSFs in III-Nitrides. Some calculations based 
on density functional theory (DFT) predict type I[193] while some others suggest type II[194] 
band alignment. Although the experimental reports, on the other hand, are more consistently in 
favour of a type II band alignment based on the amount of blue shift of PL with increasing 
excitation density,[210], [211] there is still no consensus. 
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Here,[212] we have employed time resolved differential transmission (TRDT) 
measurements[213] in order to shed more light onto the type of electronic band alignments at the 
WZ/ZB interfaces in BSFs. Semipolar  1122  GaN layers were used for this exploration.  
 
7.3.3.2. Experimental Procedure 
The semipolar  1122  GaN layer was grown on a planar m-plane sapphire substrate in a vertical 
design low pressure metal-organic chemical vapour deposition (MOCVD) system with 
trimethylgallium (TMGa) and NH3 used as precursors for Ga and N, respectively, and H2 as 
carrier gas. GaN nucleation was performed at a relatively high substrate temperature of 1060 ºC 
without inserting a buffer layer directly on m-sapphire. A nanoporous SiNx interlayer with an 
estimated thickness of approximately 10 nm was employed as a mask for in situ epitaxial lateral 
overgrowth (‘nano-ELO approach’[102]) to improve the optical quality of the GaN film. The 
total thickness of the structure was estimated to be 1.3 µm. The detail description of growth 
procedure can be found elsewhere.[102], [200] The cross-sectional schematics of the sample and 
the crystallographic orientation of semipolar  1122  plane within the hexagonal wurtzite unit 
cell is displayed in Figure 7.19. 
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Figure 7.19. Cross-sectional schematic representation of (a) semipolar  1122  GaN grown on 
m-sapphire using in situ nano-ELO[102] approach and (b) the crystallographic representation of 
the semipolar  1122  plane with respect to c-direction within the hexagonal wurtzite unit 
cell.[212] 
 
  
A CW He-Cd laser operating at 325 nm and focused to an excitation spot diameter of 50 
µm was used for the photoluminescence (PL) measurements. The sample was mounted in a 
closed-cycle He-cooled cryostat and the emission was collected from the cryostat window using 
an optical fiber connected to a spectrometer with a liquid nitrogen cooled charge couple device 
(CCD) detector. The PL measurements were performed at 15 K and 295 K. In order to 
demonstrate high BSF density in the layers grown on m-sapphire the cross sectional STEM was 
employed in a scanning transmission electron microscope FEI (S)TEM Tecnai F20 equipped 
with a bright-field annular detector (BF). 
Wavelength degenerate time-resolved differential transmission (TRDT) technique was 
employed to determine the band alignment of the BSFs in the semipolar GaN layer. Figure 7.20 
displays the simplified schematic of set-up for the TRDT experiment. The primary beam 
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generated by a frequency doubled Ti-sapphire laser ( 370nm ) with a pulse width of 150 fs is 
divided into pump and probe beams where the pump beam has approximately one order of 
magnitude higher intensity than the probe beam. More detailed description of the TRDT 
experiment can be found elsewhere. [98] 
 
 
Figure 7.20. Simplified schematics of the TRDT experimental setup.[212] 
 
 
7.3.3.3. Results and Discussions 
The 15-K and 295-K PL spectra of the semipolar  1122  GaN layer are shown in Figure 7.21. 
The two emission peaks at 3.43 eV and 3.31 eV in the low temperature spectrum correspond to 
excitons bound to I1 and E BSFs, respectively, while the donor bound exciton (D
0
X) line can be 
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observed only as a shoulder at 3.48 eV. The significant contributions of BSFs to low temperature 
PL compared to D
0
X are indicative of their large density.[102] The BSF related emission line 
survives even up to room temperature and is still visible as a peak at 3.38 eV next to the free 
exciton line (FX) at 3.41 eV. The temperature evolution of the PL of this structure published 
earlier[200] also supports the existence of BSF related lines at room temperature. The presence 
of large density of BSFs in semipolar  1122 GaN layers grown on m-sapphire is verified by 
crosssectional STEM image shown in Figure 7.22. 
 
 
Figure 7.21. PL spectra for the semipolar  1122  GaN layer obtained at 15 K and 295 K. The 
vertical dashed lines correspond to excitation photon energies used for TRDT 
measurement.[212]  
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Figure 7.22. Cross-sectional STEM image in bright field contrast of a selected semipolar  1122
GaN layer grown on m-sapphire indicating presence of large BSF density in the layers.[212] 
 
The robust temperature dependence of BSF-related PL is crucial for exploration of BSFs 
by the TRDT technique at room temperature. The TRDT measurements were performed at two 
different photon energies of the pump and probe beams ( pump probeE E ) of 3.33, and 3.31 eV, as 
marked by the vertical dashed lines in Figure 7.21. The aim is to mainly excite the I1-type BSF 
related emission lines at room temperature and avoid excitation of the FX band to the extent 
possible. 
 For type I band alignment, under resonant excitation an initial rise in probe differential 
transmission (
0
T
DT
T

 ) at t = 0 followed by a decay caused by carrier recombination and 
thermalization through carrier-carrier scattering should be observed.[213] For type II band 
alignment, the initial rise at t = 0 will be followed by a very fast decay (faster than 1 ps) and 
then, In contrast to the type I case, the differential transmission starts to increase until it reaches a 
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saturation (a few picoseconds after t = 0). In longer time (couple of hundreds of picoseconds), 
the transmission should decay until completely vanishes. [213] This behavior for the type II band 
alignment arises from relaxation of electron-hole plasma to thermal equilibrium (initial decay) 
accompanied by spatial separation of the plasma components (electrons and holes), providing an 
increase in differential transmission.[214] Finally, the carrier recombination takes place at a 
slower rate because of spatial separation of electrons and holes thus resulting in a slow decay of 
differential transmission. The decay behaviour of type I (in InGaN/GaN [98] and 
GaAs/AlGaAs[213] QWs ) and type II (GaAs/AlAs QWs[213]) band alignments can be found in 
literature reports.  
Figure 7.23 shows the results of TRDT experiment performed under two different 
excitation energies of 3.33 eV [Figures 7.23(a) and (b)] and 3.31 eV [Figures 7.23(c) and (d)]. 
The two photon energies (3.33 and 3.31 eV) below near band-edge (NBE) emission was 
performed to avoid intermixing of GaN NBE and and I1 BSF absorption and to ensure absorption 
by only BSFs. DT transients excited with both photon energies of 3.33, 3.31 eV exhibit a rise 
followed by a decay lasting longer than 300 ps (Figure 7.23(a) and (c)). In the shorter delay 
range (< 10 ps), the differential transmission shows a decrease immediately after the initial rise at 
t = 0 [Figures 7.23(b) and (d)]. This quick initial drop followed by a slow signal increase is seen 
more clearly in the insets showing the TRDT signal for even shorter ranges (< 2ps). Note that 
due to different time resolutions of the experimental setup for different delay ranges, the signal 
levels do not necessarily match each other for the short and long delay ranges (See Figure 
7.23(a) and (b) for instance). For a reference c-plane GaN layer containing practically no BSFs, 
However, the DT signal is very small independent of excitation energies (not shown). 
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Figure 7.23. Probe differential transmission in the semipolar  1122  GaN layer as a function of 
time delay between the pump and probe beams under 3.33 eV (a,b), and 3.31 eV (c,d) excitation 
for 300 ps (a,c) and 10 ps (b,d) delay ranges. The inset in (b,d) displays the zoomed in plot for 1 
to 2 ps range.[212]     
 
 
The results obtained for 3.31- and 3.33-eV excitations (exciting the BSFs of type I1) point 
to type II band alignment in BSFs. Therefore, our findings are consistent with earlier 
experimental studies indicating type II band alignment at the BSF interfaces in GaN. [210], [211] 
Further investigations including excitation dependent and temperature dependent TRDT 
measurements are required for verifications of this finding which will be published elsewhere. 
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7.3.3.4. Summary of Findings 
In summary, the type of band alignment of WZ/ZB GaN interfaces in BSFs was aimed to be 
determined to reach a consensus. A heteroepitaxial semipolar  1122  GaN grown on m-plane 
sapphire with high density of BSFs having carriers strongly confined at room temperature are 
used for this study. The femtosecond pump-probe beam experiment in TRDT measurement 
shows the behaviour of type II band alignment in BSFs. Knowledge of band alignment type at 
the interfaces formed by BSFs representing zinc-blende inclusions in the wurtzite GaN matrix is 
critical for understanding their effects on optical and transport properties of electronic and 
optoelectronic devices based on nonpolar and semipolar orientations.  
 
7.4. Optical investigation of microscopic defect distribution 
in semi-polar  1122 InGaN light emitting diodes 
7.4.1. Overview 
As stated earlier, semipolar  1122 InGaN LEDs grown on m-sapphire have been reported to 
show higher indium incorporation rate which would be beneficial for attaining efficient emission 
at longer wavelengths.[215] However, semipolar GaN growth often suffers from high density of 
extended defects such as threading dislocations and stacking faults, resulting in lower crystal 
quality.[156] Therefore, material quality needs to be improved further to take full advantage of 
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semipolar orientation of GaN and comprehensive studies of effects of extended defects are 
required. In this section, correlations between microscopic optical and structural properties in 
semipolar  1122 InGaN LEDs were investigated by means of spatially and spectrally resolved 
near-field scanning optical microscopy (NSOM).[157] 
 
7.4.2. Experimental Details 
Semipolar  1122 oriented GaN layers were grown on m-sapphire substrates by means of nano-
epitaxial lateral overgrowth (ELO), details of which have been reported in Ref. [102]. 
LED structures incorporate, as shown schematically in Figure 7.24, a Si-doped 
In0.01Ga0.99N underlying layer for improving the quality of overgrown layers, electron injectors 
composed of In0.04GaN and In0.08GaN layers for efficient thermalization of hot carriers prior to 
injection into the active region, six periods of 3 nm-thick In0.16GaN wells separated by 3 nm-
thick In0.06GaN barriers as the active region, and a 100 nm-thick Mg-doped p-type GaN, grown 
in the given order on top of  1122 GaN templates. NSOM measurements were performed at 85 
K using a Cryoview 2000 NSOM system (Nanonics Imaging Ltd) in the illumination mode 
where HeCd (3.81 eV or 325 nm wavelength) and InGaN (3.06 eV or 405 nm wavelength) laser 
excitation were used through a Cr-Al coated cantilevered optical fiber probe with 350 nm 
aperture. 
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Figure 7.24. Cross-sectional schematic of the LED structures grown on semipolar  1122  
templates.[157]
 
 
 
7.4.3. Results and Discussion 
The atomic force microscopy (AFM) image of  1122  LED structure in Figure 7.25(a) shows 
striations along the 1123   direction of GaN. Such morphology is characteristic of the  1122
GaN surface.[216]–[218] Using cross-sectional SEM image, S. Y. Bae et al. [218] reported that 
the striated pattern consists of a “ridge-and-valley” shape which is formed due to the intersection 
of {1011}planes. Moreover, from cross-sectional AFM image, the angle between the faceted and 
the flat surfaces was found to be ~26°, which is the angle between the {1011}  and {1122} family 
of planes. 
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Figure 7.25. (a) AFM image and (b) NSOM PL intensity map of semipolar  1122 InGaN LEDs. 
(c) Local PL spectra for the points indicated in (b).[157] 
 
The spatial NSOM PL intensity map presented in Figure 7.25(b) shows similar surface 
features as observed in the AFM image. The striations are in general characterized by lower PL 
intensity, most likely due to the presence of threading dislocations and the associated defects, 
compared to the other regions. Local PL spectra were collected at multiple points on the sample 
and three representative spectra are shown in the figure. Point A located in a relatively flat region 
shows strong active region emission whereas point B located on one of the striations has weaker 
PL intensity. Point C located near the edge of the striation is characterized by intermediate PL 
intensity. In addition, appearance of an additional peak on the lower energy side as well as the 
red-shift of the main peak indicates higher indium content near the edge of the striations, where 
faceted surface meets the flat surface. Changes in the local strain may be the reason for different 
Indium incorporation efficiency and variations in the emission wavelength. Investigations of the 
 1122 GaN templates are in progress in order to shed light on the effects of stacking faults on 
emission characteristics. 
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7.4.4. Summary of Findings 
In summary, the spatial variations of extended defects, stacking faults and threading dislocations, 
and their effects on the optical quality for semi-polar  1122 InGaN light emitting diodes (LEDs) 
were investigated by near-field scanning optical microscopy at 85 K. The striated regions 
showed weaker PL intensities compared to other regions and the meeting fronts of different 
facets were characterized by higher Indium content due to the varying internal field. 
 
 
7.5. Indium incorporation efficiency to semi-polar  1122  GaN 
on m-sapphire   
7.5.1. Overview 
In previous sections, we performed methods to improve crystal quality of the semipolar  1122
GaN layers and discussed some general properties of the stacking faults. In the following 
sections (sections 7.5 and 7.6), we will turn our attention toward ternary InGaN systems grown 
on the semipolar  1122 layers having reduced defect densities. Here, the indium incorporation 
efficiency in this orientation will be compared with that in c-plane. In the next section, the 
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semipolar  1122 -oriented InGaN heterostructures will be evaluated in terms of exciton 
localization, recombination dynamics, and optical anisotropy.  
As noted, Yamada et al.[18] reported the reduction in indium contents by a factor of two 
to three for the layers grown on nonpolar m-plane compared to those on conventional c-plane 
substrates under similar growth conditions.[19] This caused significant reduction in LED output 
power for devices with emission wavelength longer than 400 nm possibly due to increase in 
nonradiative recombination rates.[19] Semipolar orientations featured by substantially reduced 
polarization fields represent another alternative to the polar structures for producing efficient 
LEDs in a wide range of wavelengths from blue to yellow, in particular in the light of theoretical 
predictions of enhanced indium incorporation efficiency relying on effects of strain[20] and 
surface atomic configurations[21]. According to the theoretical studies, planes with inclination 
angle of 60   with respect to c-axis should exhibit the highest In incorporation efficiency 
among all the planes of GaN (about 4% higher indium compared to than in c-plane),[20]
 
drawing 
attention to the  1122 orientation with 58   .  
Experimental data on In incorporation available in literature for the  1122 orientation 
are, however, scarce and contradictory. Both reduced[219] and similar,[28], [220] incorporation 
efficiency of indium on  1122 plane compared to the c-plane have been reported. Zhao et 
al.[22] found out higher indium incorporation for the  1122 -oriented InGaN heterostructures 
compared to other studied semipolar and nonpolar orientations grown on high quality bulk 
substrates. However, this study did not report any direct comparison with the conventional c-
plane structures.[22] 
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In this section, we compare efficiencies of indium incorporation to InGaN LED active 
regions on semipolar  1122  and conventional c-plane GaN templates on sapphire grown by 
metal-organic chemical vapor deposition (MOCVD) in the same run to ensure identical growth 
conditions.  
 
 
7.5.2. Experimental Details 
GaN/InGaN LED structures of semipolar  1122  and polar (0001) orientations were grown on 
m- and c-sapphire substrates, respectively, utilizing our MOCVD system (see section 3.4). It is 
well known that indium incorporation rate is highly sensitive to growth temperature.[37], [67]  
Therefore, to ensure identical growth conditions for fair comparison of the two orientations, 
(0001)- and  1122 -oriented GaN templates were placed side by side in the reactor chamber at 
the same radial position on the holder. This will avoid any potential error due to radial non-
uniformity of growth temperature in the MOCVD system. The GaN growth rates in (0001) and 
 1122  orientations were found to be similar from in-situ reflectometry measurements of 
respective GaN templates grown separately.  
The semipolar  1122 GaN templates were grown on m-plane sapphire substrates using a 
thin (~20nm) AlN layer deposited at 600ºC. Thereafter, a 3µm semipolar GaN was grown at high 
temperature using a two-step approach involving deposition of 1.5 µm layer at 30 Torr followed 
by growth of GaN layer of higher optical quality at 200 Torr (details of two step growth 
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approach can be found elsewhere [102], [106], [119]). The c-plane GaN templates were grown 
on c-sapphire with the conventional three-step technique (low temperature deposition of GaN 
nucleation layer, followed by annealing and high temperature growth). Utilizing the in-situ nano-
ELO technique, insertion of SiNx nano-mesh was performed under optimized conditions for both 
c-plane and  1122 GaN layers to improve optical and structural quality. The details of 
optimization of the in-situ epitaxial lateral overgrowth (ELO) process for c-plane[101] and 
 1122 GaN[102] are discussed elsewhere. The total thicknesses of the polar and semipolar GaN 
layers were about 10µm.     
The next stage was the growth of InGaN active layers on the prepared semipolar  1122  
and c-plane GaN templates. After loading the wafers into the MOCVD reactor, first a 60-nm 
thick Si-doped InGaN underlying layer with nominal indium content of 1% was grown to 
improve quality of active layers, followed by the deposition of staircase or graded electron 
injector (SEI or GEI)[76] segments with total thickness of 40 nm, which were inserted prior to 
the active regions (see Figure 7.26 for schematics). The following designs of the active region 
have been used: (1) two 4.5-nm-thick InGaN layers, (2) four 3-nm thick InGaN layers, and (3) 
six 3-nm thick InGaN layers, separated by 3-nm-thick In0.06Ga0.94N barriers. The structures will 
be referred to hereafter as dual 4.5-nm double heterostructure (DH), quad 3-nm DH, and hex 3-
nm DH, and respectively.  The nominal indium contents for the InGaN active regions were 15% 
based on data obtained for c-plane LED structures deposited in separate experiments. The 
structures were completed with 3-nm In0.01Ga0.99N cap layer and 100-nm Mg-doped p-type GaN. 
The schematics and flat-band conduction band structure of the samples are shown in Figure 7.26. 
Except for the c-plane reference layer of the second set (Figure 7.26(b)) that is grown on a 
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regular GaN template, the substrates for the other c-plane reference layers are grown using in-
situ nano-ELO.  
 
Figure 7.26. Schematic diagram (left) and the flat-band conduction band schematics (right) of 
the designed (a) dual 4.5nm DH, (b) quad 3nm DH (4×3nm DH), and (c) hex 3nm DH (6×3nm 
DH),  LED structures used for comparison of indium incorporation efficiency between semipolar 
(11-22) LED and c-plane counterparts. [Submitted for Publication in Journal of Crystal Growth] 
 
The actual indium contents for semipolar and polar structures were assessed from peak 
positions in steady-state micro-PL spectra measured at room temperature. At the excitation 
density used for the determination of In contents QCSE-induced red shift was confirmed to be 
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diminished. For steady-state micro-PL measurements a He-Cd laser with 325 nm wavelength 
was used as an excitation source, and the excited region was ~2 μm in diameter. Frequency 
doubled Ti-sapphire laser with 150 fs pulse width and period of 12.5 ns was used in combination 
with a Hamamatsu streak camera for the time-resolved photoluminescence (TRPL) 
measurements and to study time evolution of PL peak position and the QCSE induced shift in 
emission wavelength for selected samples. Spatially-resolved cathodoluminescence (CL) was 
employed to study the indium distribution in the layers. 
 
7.5.3. Results and Discussions 
Figure 7.27 compares room temperature micro-PL spectra from the semipolar and polar LED for 
dual 4.5-nm (Figure 7.27(a)), quad 3-nm (Figure 7.27(b)), and hex 3-nm (Figure 7.27(c)) InGaN 
structures (see Figure 7.26 for the schematics) excited with the highest excitation power of 8.0 
kW/cm
2
 corresponding to photo-generated carrier concentrations of 18 31.67 10n cm  . The 
shift of the whole PL spectra from LED structures (emissions from active region and underlying 
InGaN layers) to the longer wavelengths for the semipolar InGaN LED spectra relative to the 
polar structures is clearly seen from the figure. This indicates that semipolar structures exhibit 
higher In contents for both compressively strained (InGaN active layers) and relaxed or partially 
relaxed (InGaN under-layers layers) layers.  
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Figure 7.27. PL spectra for semipolar (green) and polar (blue) LEDs structures grown side by 
side with (a) 2×4.5 nm DH, (b) 4×3nm DH, and (c) 6×3nm DH active region designs. The inset 
shows the crystallographic orientations of the layers. [Submitted for Publication in Journal of 
Crystal Growth]  
 
The In content in the layers was then calculated from the PL peak positions at highest 
excitation levels. Following the theoretical study by Moses et al.[107] reporting the bowing 
parameter, b, of InGaN as a function of InN molar fraction, the bowing parameter value of 1.73 
was used to calculate In content in the active regions. The bandgap values of 0.7 eV[108] and 
3.42 eV[1] for InN and GaN, respectively, were used for the calculations. The estimated indium 
concentrations for InGaN wells and underlying layers are listed in Table 7.2.  
 
Table 7.2. Estimated indium contents from optical measurements in the DH layers for the 
structures used in this experiment. [Submitted for Publication in Journal of Crystal Growth] 
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In order to ensure saturations in the peak emission wavelength and flat-band condition for 
the micro-PL measurements, we evaluated the amount of Stark shift for polar and semipolar 
layers for one of the structures by comparing PL emission wavelength at low and high photo-
generated carrier concentrations in the time-resolved PL measurement.  Figure 7.28 shows a time 
evolution of PL spectra under pulsed excitation for the polar c-plane and semipolar  1122  hex 3-
nm InGaN LED structures. The highest photo-generated carrier concentration (estimated to be
19 34.54 10n cm  ) corresponds to the pulse arrival and peak emission intensity of the active 
layers (violet and red horizontal lines in Figure 7.28(a) and (c)), while the low photo-generated 
carrier density at 1 to 1.5 ns after the pulse (pink dashed lines in Figure 7.28(a) and (c)) when 
most of the carriers had already been recombined. The QCSE-induced shifts in emission energy 
of 71QCSEE meV   and 34QCSEE meV  were observed for the polar and semipolar layers 
emitting at 2.87 eV(432 nm) and 2.73 eV(454 nm), respectively, with 3-nm well width with 
nominal 15.0% and 6.0% indium contents in DHs and barriers, respectively. This measured 
value for nominal In0.15Ga0.85N/In0.06Ga0.94N 6×3nm DH structure is higher than the theoretically 
calculated values for In0.1Ga0.9N/GaN 3×3nm  DH with practically identical amount of 
DH/barrier lattice mismatch in which the maximum blue shifts were reported for structure 
emitting at 417 nm as 90QCSEE meV   and 45QCSEE meV  for and polar c-plane and 
semipolar  1122 , respectively.[46]  
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Figure 7.28. Time evolution of PL spectra for polar (a) and semipolar  1122 (c) 6×3nm (hex 3-
nm DH) with delay time in vertical and emission wavelength in horizontal axis. The solid violet 
and dashed green horizontal lines in (a) and solid red and dashed blue horizontal lines in (c) 
indicate the 50 ps time windows at peak intensity (corresponding to highest photo-generated 
carrier density) and 1.5 ns (a) and 1.0 ns (c) afterwards (corresponding to low photo-generated 
carrier density), respectively. The PL spectra associated with the time windows indicated in (a,c) 
are shown in (b) and (d) for polar and semipolar structures, respectively. [Submitted for 
Publication in Journal of Crystal Growth] 
 
The emission wavelengths for the highest excitation in TRPL match well with that of the 
micro-PL (Figure 7.27(b)) within 1 to 2 nm accuracy (which could also be explained by slight 
non-uniformity of indium contents for the different measurement points). This means that the 
carrier concentration for the highest excitations in micro-PL is high enough to perfectly screen 
248 
 
the electric field and ensure flat-band condition. Therefore, the calculated indium contents are 
sufficiently accurate within 0.2% of indium.  
Liquid-helium-temperature (T = 5.5 K) spatially resolved-CL measurements revealed the 
uniformity of indium distribution on the semipolar surface. Figure 7.29 represents CL mapping 
for the hex 3-nm  1122  LED structure. Relatively uniform intensity distribution from CL 
intensity image (CLI) for the range of active region emission can be observed (Figure 7.29(b)). 
There are some local increase in emission wavelength associated with the surface features in CL 
wavelength image (CLWI) (Figure 7.29(c)) that appear only at some spots and are very low in 
intensity (see Figure 7.29(b)) and thus do not contribute significantly to the integral optical 
properties. Except those local features, the distribution of indium is found to be uniform which 
makes our findings on enhanced incorporation of indium on the semipolar  1122 surface more 
reliable. 
 
 
Figure 7.29. SEM image (a), spatially resolved CL intensity (b) as well as wavelength image (c) 
of semipolar 6×3 nm DH LED structures (see figure 1(b) for schematics of the structure). The 
scan size is 100 µm ×150µm. [Submitted for Publication in Journal of Crystal Growth]   
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Our findings suggest higher indium incorporation efficiency for the semipolar  1122
orientation, which agrees well with the theoretical predictions.[20], [21], [49]
 
This can be due to 
lower strain associated with In incorporation into the lattice due to more favorable atomic 
configuration in case of  1122  compared to polar c-plane (similar to comparison of  1122 with 
m-plane using first principle calculations by Northrup[21]). Another possible mechanism which 
can enhance the indium incorporation is the presence of stacking faults in the heteroepitaxial 
semipolar layers grown on non-native substrates.[200] It should be noted that stacking faults can 
be considered as inclusions of cubic phase in the wurtzite lattice, and In solubility in the cubic 
GaN lattice may be different from that in the hexagonal phase. High density of stacking faults in 
heteroepitaxial layers could also result in large density of type-II quantum wells[195] formed 
between the cubic inclusion into the InGaN layers and cause reduction in active region emission 
wavelength. [221] The situation can be more understandable due to our previous observation of 
strong localizations of carriers in stacking faults even at room temperature.[200]This way, the 
longer emission wavelength from semipolar InGaN structures compared to c-plane layers grown 
under similar growth conditions can be partially explained. However, we should mention here 
that the spatio-CL is sensitive to stacking faults[222] while the CL mapping of the semipolar 
structure demonstrates a uniform emission proving of low stacking fault density in the InGaN 
layers. Moreover, observation of very high indium incorporation efficiency for  1122  planes for 
high quality layers grown on native substrates with low density of extended defects[219] could 
remove this possibility and ensure the highest indium incorporation efficiency in this semipolar 
GaN plane.  
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7.5.4. Summary and Conclusions 
Substantial enhancement of In incorporation (by 3 to 4%) in semipolar  1122 LED structures 
compared to polar counterparts has been observed for In contents in the range of 15 to 18%. 
Spatially resolved CL images for semiplar hex 3-nm DH LED indicates uniform indium 
distribution for the areas of 100 µm × 120µm supporting uniformly enhanced indium 
incorporation into semipolar  1122 surface. In agreement with the theory predicting the highest 
incorporation for plane with inclination angle of about 60
o
[20], [21]
 
and following the reports of 
incorporation comparison of semipolar  1122  and other nonpolar and semipolar planes,[219] 
and based on our data demonstrated here, it can be concluded that indium incorporation 
efficiency is indeed the highest in this semipolar plane among the crystallographic orientations of 
GaN. Our findings suggest that semipolar  1122 GaN plane holds a promise for addressing the 
green gap problem for future generation of efficient green and yellow LEDs.     
 
 
7.6. Optical Anisotropy and Exciton Localization in Semipolar 
 1122 -oriented InGaN multi-quantum wells 
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7.6.1. Overview 
As stated earlier, the optical properties of the nonpolar and semipolar heterostructures are limited 
by the presence of high densities of extended defects[61], [200] despite the substantial progress 
in improving their structural quality through employment of defect-eliminating methods [223], 
[102], [119], [224]. As a result, the recombination dynamics in these orientations are mainly 
governed by localized states[122], [148], [225], [226] due to presence of potential fluctuations 
which were found to correlate directly with densities of interfacial defects in binary quantum 
wells[1], [122], [130], [147], [148]. In case of InGaN ternary system, the presence of indium-rich 
regions also contribute to carrier localization.[155] Such exciton localization, in case of c-plane 
LEDs, has been found to isolate the carriers from dislocations and thus reduce nonradiative 
recombination[227], [228] while it can also have detrimental effect on device performance by 
causing current crowding[229]. Therefore, understanding exciton localization is crucial to 
analyze recombination dynamics as well as carrier transport properties in light emitter 
applications. 
In this section, excitonic localization, recombination dynamics, and optical anisotropy in 
semipolar  1122  InGaN multi-quantum wells (MQWs) grown on m-plane sapphire substrates 
will be discussed.[230] 
 
7.6.2. Experimental Details 
The MQW structure was grown using our MOCVD system (see section 3.4 for details about the 
system). As shown in section 7.2, the single-phase  1122 -oriented semipolar GaN templates 
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were grown on planar m-plane sapphire substrates using in situ nano epitaxial lateral overgrowth 
(nano-ELO)[102] for improved optical quality. Thereafter, a 60 nm-thick In0.01GaN layer and a 
compositionally graded (In0.04GaN to In0.10GaN) electron injector (EI) were grown followed by 
the active region consisting of 6 periods of 3 nm-thick In0.20Ga0.80N QWs separated by 3nm 
In0.06Ga0.94N barriers as displayed in Figure 7.30. The details of the MOCVD growth of InGaN 
active region and electron injector (EI)[76] on planar m-sapphire can be found in section 
7.5[106].  
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Figure 7.30. (a) Cross-sectional schematic diagram and (b) corresponding flat-band conduction 
band schematics of the semipolar  1122 -oriented InGaN MQWs structure. (c) Semipolar 
 1122  plane within the hexagonal wurtzite unit cell.[230] 
  
The optical properties of the semipolar InGaN MQWs were explored using steady state 
photoluminescence (PL) and time-resolved photoluminescence (TRPL). A 325 nm wavelength 
He-Cd laser excitation with a spot size of ~2 μm was employed to acquire the steady-state PL 
spectra. Frequency doubled Ti-sapphire laser (380 nm) having pulse width and period of 150 fs 
and 12.5 ns, respectively, in combination with a Hamamatsu streak camera was utilized for the 
TRPL measurements. Samples were mounted in a closed-cycle He-cooled cryostat and the 
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steady-state and TRPL measurements were performed in the temperature range from 15K to 
295K. The emission was collected from the cryostat window through an optical fiber attached to 
a spectrometer having a liquid nitrogen cooled charge couple device (CCD) detector. In 
polarization-dependent PL measurements, a linear polarization analyzer was used to resolve the 
polarization state of the PL and collected signal was analyzed using CCD. 
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7.6.3. Results and Discussions: Optical Anisotropy 
Similar to what we reported on subsection 5.3.2 in case of non-polar m-plane, and in subsection 
6.3.2 for  1011 -plane for GaN MQWs, optical anisotropy of the  1122 -oriented InGaN 
MQW-related emission is investigated. This optical anisotropy for the semipolar  1122 -
oriented ternary InGaN heterostructures is also confirmed by the data presented in Figure 7.31. 
The spectra consists of three main emission lines; QW, electron injector (EI), and yellow 
emission (YE). According to this plot which is a series of 15K photoluminescence spectra for 
different orientations of the electric field of the emitted photon radiation obtained using a 
polarization analyzer in the emitted beam path before reaching the detector, the intensity of the 
QWs, and the Electron Injector (EI) seems to be changing by changing the orientation of the 
polarization analyzer. This indicates the presence of optical anisotropy for both emissions.  
 
Figure 7.31. Photoluminescence spectra for various polarizations of the emitted photons with0º 
being taken parallel to the y direction of the Cartesian coordinate system. 
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This optical anisotropy in the emission lines can be seen more clearly in the polar plot 
illustrated in Figure 7.32. The experimental value for degree of polarization (DOP) was found to 
be 33% for QW related emission, 43% for the EI, and 15 % for the YE. These values are 
significantly lower than the DOP measured for  1011 -oriented GaN MQWs which was 58%. 
Also, the DOP for EI is found to be higher compared to QW which can be either related to 
differences in indium concentrations or the effect of strain as they are both different for QW and 
EI. One more interesting observation is the polarized emission with 15 % DOP for the YE. This 
observation could be better explained in case the origin of YE for this layer is known.  
 
 
Figure 7.32. Polar plot of the PL intensity for the MQWs (green), for the electron injectors 
(blue), and for the yellow emission (wine).  
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Finally, comparison of the optical anisotropy for semipolar structure and the c-plane 
counterpart grown side by side (see section 7.5 for more information about the structures) shows 
the polarized emission for the semipolar structure in contrast to the practically isotropic behavior 
in case of polar structure (see Figure 7.33). Seemingly, the semipolar structures are promising 
candidates for applications in polarized light emitters.  
 
Figure 7.33. Polar plot of the PL intensity integrated over the InGaN MQWs emission of (a) 
 1122 and (b) c-plane orientations. 
 
7.6.4. Results and Discussions: Exciton Localization 
7.6.4.1. Room Temperature PL Analysis 
The room temperature micro-PL spectra of the semipolar  1122  InGaN MQWs structure 
measured at the highest excitation of 8.0 kW/cm
2
 and excitation wavelength of 325nm are shown 
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in Figure 7.34(a). The average photo-generated carrier concentration for the employed excitation 
level was estimated as 18 31.67 10n cm  . Beside the active-region emission in the blue 
wavelength range (~ 452 nm), the 394-nm emission from the InGaN electron injector and 366-
nm GaN near band edge emission are also observed in the spectra of Figure 7.34(a).  
Assuming perfect screening of the internal electric field (at the excitation power used) 
and considering quantum confinement, the indium content in the active layers can be determined 
from the MQW PL peak using  
                                                                  ( )InGaNPL g ConfinementE E x E  ,        (7.1) 
where PLE   denotes the MQW PL peak emission energy,  ( )
InGaN
gE x  is the InGaN bandgap 
calculated using[107]  
                                                  ( ) (1 ) (1 )
InGaN InN GaN
g g gE x xE x E bx x     ,       7.2) 
where InGaNgE , 
InN
gE (0.7 eV), and 
GaN
gE (3.42 eV) are the bandgaps of InGaN, InN, and GaN 
[106], respectively, and b (1.73[107]) is the bowing parameter. The confinement component of 
the PL emission energy can be found considering ground state energy solution of electron and 
heavy holes in a finite rectangular potential well having width of L, starting from infinite barrier 
solution as   
                                                            
22
1 *2
E
m L
    
 
,         (7.3) 
and defining dimensionless parameters for energy and barrier height  
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Thus, the symmetric solution for the allowed energies for finite barrier height problem should 
satisfy[109] 
                                                      0tan
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             (7.6) 
Therefore, the indium content x in the active layer wells was estimated to be around 20% 
(±0.2%), 
 
Figure 7.34. PL spectrum of the semipolar  1122  In0.165Ga0.835N/In0.06Ga0.94N MQWs at (a) 
room temperature (295 K) and (b) temperatures varying from 15 to 295 K. Besides the active 
region emission, luminescence from InGaN underlayers and GaN buffer can also be observed in 
(a).[230] 
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The evolution of emission from the active region with temperature in the range from 15 
K to 295 K is displayed in the Figure 7.34(b). As the temperature increases from 15 K to 295 K, 
integrated PL intensity decreases by a factor of about 3 owing to increase in nonradiative 
recombination rates. With increase in temperature, the spectrum redshifts by about 40 meV. 
 
 
7.6.4.2. Exciton localization from temperature dependent PL 
In order to gain insight into the exciton spectral distributions and any localization, we plotted the 
temperature dependences of peak emission intensity and peak energy in Figure 7.35. This 
measurement is performed under pulsed excitation (380 nm) with excitation average power of 
238.2 /avgp W cm , corresponding to an average photo-generated carrier density of 
12 36.52 10n cm  . The PL intensity slowly decreases with temperature up to approximately 150 
K, where there occurs an increase in intensity followed by a much faster decrease from 160 K to 
295 K [Figure 7.35(a)]. Similarly, only small redshift in the PL peak from 2.712 to 2.705 eV is 
observed when temperature increases from 15 K to 150 K followed by a slight blueshift and then 
a more rapid redshift to 2.674 eV when temperature increases further to 295 K [Figure 7.35(b)]. 
This behavior could be explained by transfer of carriers between shallow and deep localization 
states as temperature rises.[231] As temperature rises from 15 K, carriers gain thermal energy to 
move out from shallow localized states and transfer to deeper ones. As the deepest localized 
states are occupied, further increase in temperature results in delocalization from those states and 
transfer to some shallower ones, at a rate higher than that of the bandgap shrinkage, and that is 
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why the slight blueshift occurs. As the carriers are redistributed across localized states of 
different depth, rate of bandgap shrinkage takes over and the redshift is observed again.      
 
 
Figure 7.35. Temperature dependent peak PL intensity (a) and emission energy (b) for semipolar 
 1122  6×3nm InGaN MQWs. The experimental data points above 150 K in (b) are fitted (solid 
line) using Varshni’s[232] empirical formula.[230] 
 
The temperature dependence of energy bandgap for semiconductors can be described by 
Varshni’s empirical formula[232]   
                                                     
2
0( )Varshni
T
E T E
T


 

,             (7.7) 
where   and   are the fitting parameters characteristic to a material. The localization energy is 
then defined as 
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                                                exp(15 ) (15 )loc VarshniE E K E K  ,        (7.8) 
where exp(15 )E K  is the experimental bandgap at 15 K, (15 )VarshniE K denotes the energy (at 15 K) 
deduced from the fit to high temperature data points using Varshni’s empirical formula, and 
locE  
represents the localization energy (at 15 K). The deviation of the experimental data shown in 
Figure 7.35(b) from Varshni fit to data points above 150 K (defined as localization energy), is 
notable below 150 K. This deviation from the fitting curve can be attributed to exciton 
localization with localization energy estimated to be 7locE meV  at 15 K. The value of 
localization energy is close to that reported for GaN QW (5 meV) on (1122) [231] and smaller 
than 12 meV reported on (1101) [148] and 20-60 meV in a recent report on c-plane InGaN 
QWs[233]. 
 
 
7.6.4.3. Exciton localization from temperature dependent time-resolved PL 
To shed more light on the localization phenomena in InGaN LEDs of the  1122  semipolar 
orientation, we performed temperature dependent TRPL. Figure 7.36 displays time transients of 
the PL integrated over the active region emission for temperatures from 15 to 295 K. The 
reduction in PL decay time with increasing temperature (as evident from the plots in Figure 7.36) 
can be attributed to the increase in nonradiative recombination rate.    
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Figure 7.36. Time evolution of PL intensity integrated over the active region emission for 
temperatures from 15 to 295 K for the semipolar  1122  6×3nm InGaN MQWs. The inset 
displays each plot separately.[230]  
 
Under the assumption of 100% internal quantum efficiency at 15 K and the equations 
[234]  
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where PL , r , and nr are PL, radiative, and nonradiative decay times, and ( )I T  is the PL 
intensity at temperature T , the radiative ( r ) and the nonradiative lifetimes ( nr ) for the active 
region emission are calculated from the measured PL decay times ( PL ) and plotted as a function 
of temperature in Figure 7.37. As seen from the figure, the radiative recombination is dominant 
at low temperature and radiative recombination lifetime remains close to 1 ns below 200 K and 
increases at higher temperatures with the slope of 5.8 1.ps K  . This finding suggests that the 
carriers start to delocalize and contribute more into nonradiative recombination at temperatures 
above 200 K. In addition to the carrier delocalization, the increase in radiative decay time with 
increasing temperature could also originate from reduction in transition oscillator strength as a 
result of reduction in Coulombic interaction. 
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Figure 7.37. PL lifetime ( PL ), and corresponding calculated radiative ( r ) and nonradiative 
lifetimes ( nr ) as a function of temperature from 15 to 295 K for the semipolar  1122  6×3nm 
InGaN MQWs.[230]  
 
 The results indicate the coexistence of free and localized excitons, in particular, for 
temperatures below 200 K. This supports our hypothesis that excitons are localized for 
temperatures below 200 K which is based on temperature dependent PL intensity and peak 
energy positions. In comparison to the previously reported c-plane polar structures with identical 
design[234] of the active regions, the delocalization temperature ( delocT ) for this semipolar 
orientation is significantly higher (200 K versus 100 K for c-plane).  
The existence of carrier localization in semipolar (1122) -oriented LED structure could 
be partially explained by presence of high density of extended defects including basal-plane 
stacking faults (BSFs)[200] in which case would not be desirable. Moreover, In contrast to 
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binary GaN QWs discussed in our previous studies[122], [148], where the density of localization 
centers was directly correlated to density of interfacial defects, the degree of carrier localization 
in ternary InGaN QWs can also be attributed to potential fluctuations associated with 
inhomogeneity in indium distribution in addition to interfacial defects and presence of BSFs. 
 
 
7.6.5. Summary and Conclusions 
In summary, polarized emission with degree of polarization of 33% (QW), 44% (EI), and 15% 
(YE) has been observed for the semipolar (1122) -oriented 6×3nm In0.20Ga0.80N multi-quantum 
well (MQW) structure grown on GaN/m-sapphire.  
Also, excitonic recombination in this semipolar (1122) ternary QW structure was studied 
by means of temperature dependent steady-state and time resolved PL. The temperature 
dependent PL reveals exciton localization at low temperatures with localization energy of 
(15 ) 7 locE K meV . The value of localization energy is close to that reported on binary GaN 
QW (5 meV) with the same orientation[231] and smaller than our previous report of GaN 
MQWs on (1101)  (12 meV) [148] and lower than an earlier report of c-plane InGaN 
systems[233].  
The temperature dependent radiative lifetime also indicates exciton localization with 
delocalization temperature 200delocT K . The comparison of delocalization temperatures for the 
(1122) InGaN MQWs with c-plane LED structures with the identical active-region design[234] 
reveals a significantly higher delocalization temperature (200K versus 100K) for the semipolar 
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counterpart. Correlation of exciton delocalization temperatures extracted from the temperature 
dependence of radiative and non-radiative decay times with the temperature dependences of PL 
intensity and energy position of the PL maximum consistently support the presence of exciton 
localization in the semipolar structures. Both interfacial defect-induced potential fluctuations and 
inhomogeneity in indium distribution in InGaN ternary alloy are likely responsible for the 
presence of localization centers in semipolar  1122  InGaN MQWs. Exploration of the 
temperature dependence of localization energy and correlating it with those for excitonic 
transitions on certain defect states can provide a deeper insight into the genesis of the exciton 
localization in these semipolar structures. 
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Chapter 8 
8. Summary and Conclusions 
The conventional light emitting diodes have limited efficiencies at high injection current (known 
as ‘Efficiency Droop’) and long wavelengths (known as ‘The Green Gap’). The latter is caused 
by polarization induced QCSE and limited indium incorporation while the origin of the former 
efficiency retention is not completely understood yet.  
In order to shed some light on the carrier spillover as one of the main mechanisms that 
could be responsible for the efficiency droop, the photocurrent method for estimation of carrier 
leakage was studied. In addition, the improvement of carrier injection symmetry as another 
potential cause for efficiency retention at low and high injection for LEDs having MQW 
structures was paid attention. It was shown that utilizing delta doping of Mg (as p-type acceptor) 
to dope the barriers closer to the n-side could significantly improve the hole injection symmetry 
and quantum efficiency. 
A novel design to alleviate the compressive strain in the InGaN MQWs which is 
responsible for both reductions of radiative recombination as well as indium incorporation 
efficiency was explored. With this aim, AlN/GaN periodic multilayers were designed as 
substrates for the InGaN QWs to introduce strain relaxations and thus improvement in indium 
incorporation. The data indicated a substantial enhancement in indium incorporation using this 
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technique. This approach allowed us to obtain efficient emission in variety of colors from purple 
to green.    
 The major focus of my work was on finding solution to the ‘green gap’ problem with the 
aim of finding suitable substrate orientation which could be potential candidate for future 
lighting technologies. First, the orientation dependent optical and structural properties based on 
theoretical and experimental studies available in literature were studied. Based on this 
foundation, we have explored the the effect of substrate orientation on stress and polarization, 
carrier transport, light emission, and indium incorporation. Then, we started our quest for finding 
suitable substrates for future lighting applications. 
To evaluate the current status of the technology, I compared the reported peak EQE 
values for LEDs grown on polar, semipolar, and nonpolar planes reported in literature. The 
reported data indicates that EQE values of some orientations are approaching that of the c-plane 
which is promising. However, all the reported high EQE values are demonstrated for semipolar 
and nonpolar LED structures grown on free-standing GaN substrates which are expensive. On 
the other hand, the heteroepitaxial nonpolar and semipolar GaN films on inexpensive sapphire 
and Si substrates contain high densities of defects. My goal was to develop a cost-effective 
method of preparing high performance LEDs on inexpensive foreign substrates (GaN-on-Si, and 
GaN-on-sapphire technologies), although we will discuss some homoepitaxial structures (m-
plane) too. 
 First, my research was concentrated on employing nonpolar planes that feature eliminated 
polarization field. Both homoepitaxy and heteroepitaxy of nonpolar m-plane GaN substrates was 
investigated. For heteroepitaxial nonpolar m-plane GaN on patterned Si (112), the improvement 
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of optical and structural quality using a two-step growth approach was achieved. For study of the 
homoepitaxial nonpolar structures, m-plane GaN MQWs on freestanding m-plane GaN substrates 
provided by Kyma Technology was investigated and optical anisotropy and excitonic 
recombination dynamics was demonstrated for this orientation.  However, the observation of 
substantial reduction of indium incorporation for nonpolar m-plane InGaN structures turned our 
attention toward the semipolar LEDs.  
Motivated by theoretical works predicting maximum indium incorporation efficiency at 
60 (  being the tilt angle of the orientation with respect to c-plane), I explored the 
semipolar orientations with inclination angles close to 60º. Hence, I studied  1122 and  1101  
semipolar orientations featured by 58    and 62   , respectively, as promising candidates 
for green emitters. The  1122 -oriented GaN layers were grown on planar m-plane sapphire, 
while the semipolar   1101  GaN were grown on patterned Si (001).  
The semipolar  1011 GaN MQWs on patterned Si (001) demonstrated strongly polarized 
(having degree of polarization close to 58%) with low nonradiative components. structure shows 
promising results in optical anisotropy and excitonic recombination dynamics. However, the 
efficiency of indium incorporation in the InGaN MQWs grown on semipolar  1011 -oriented 
GaN/patterned Si was found to be lower than that of the c-plane layer having the same structural 
design grown side by side in the same growth run.  Moreover, the fabrication procedures on such 
structures would be challenging. Thus, the attention was turned toward planar semipolar  1122
GaN which could be obtained on m-sapphire. 
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For semipolar  1122 orientation, first, the efforts were concentrated on improving the 
structural quality of the semipolar GaN/m-sapphire. Thus we utilized in-situ epitaxial lateral 
overgrowth approach (ELO) using porous SiNx interlayer which is also known as ‘nano-ELO’. 
The data indicates the improvement of photoluminescence intensity by a factor of 5, and carrier 
lifetime by 35 to 85% by employing the in-situ ELO technique. Although the SiNx interlayer 
could effectively block the extended defects, the efficiency of blocking the Stacking Faults was 
not optimum. As a result, there are still high densities of Stacking Faults in the overgrown layers. 
 In order to understand the optical activities and recombination of carriers in the basal-
plane stacking faults, we studied carrier recombination dynamics of excitons bound to these 
structural defects. Different types of BSFs both intrinsic (I1 and I2) and extrinsic (E) was studied 
and the first conclusion was that the carriers are highly localized in BSFs (of any kind) even at 
room temperature. This allowed us to study band alignment in the QWs associated with the 
BSFs. Here we should mention tha SFs can be considered as QWs formed by inclusions of cubic 
material in the wurtzite matrix. The TRDT results pointed to type II band alignment for BSFs 
which is consistent with several experimental reports based on other optical techniques. 
 The InGaN MQW structures were then grown on the semipolar  1122  GaN templates 
and side by side in the same run on c-plane templates. The results of PL comparison for three 
sets of LED structures with different active region designs indicated higher indium incorporation 
efficiency for the semipolar counterpart. This finding, which is extremely important as it can 
provide evidences for a solution to the green gap issue, was supported by uniform distribution of 
indium in the growth plane confirmed by spatio-CL and NSOM scans performed on the layers.  
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 Exciton localization, recombination dynamics, and optical anisotropy in the semipolar 
 1122 InGaN MQW structures were studied by temperature dependent steady-state, time-
resolved, and polarization-resolved PL meaurements. The investigations revealed the presence of 
exciton localization having a relatively small localization energy compared to binary GaN 
MQWs system grown on  1011 GaN/patterned Si. Such low carrier localization is an indirect 
proof of the uniform distributions of indium in the growth plane for the semipolar  1122
structures.  
 In summary, the semipolar  1122 GaN grown on planar m-sapphire with reduced defect 
density using the nano-ELO technique holds great promises for future generation of green LEDs 
having substantially reduced polarization and improved indium incorporation efficiency. The 
future works to realize this goal and to better understand this orientation will be discussed in next 
chapter.  
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Chapter 9 
9. Future Research 
9.1. Overview  
The research presented in this dissertation can be extended to more detailed studies of various 
aspects including orientation dependence electronic and optoelectronic properties (such as carrier 
diffusion length, impurity incorporations, etc.), evaluation of quantum efficiency of devices, and 
improvement of the crystal quality and surface morphology to obtain level of conventional c-
plane structures. It is intended to briefly discuss some of these potential studies as future research 
throughout this chapter.     
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9.2. Semipolar  1101 structures on patterned Si  
One potential study that will be performed as future research is the semipolar  1101  GaN single 
quantum well (SQW) structures on patterned Si (001). The structures were designed for the 
purpose of determination of internal electric field. The idea is to have three layers with three 
different SQW structure having various well widths. Then, the QW transition energy or radiative 
decay time as a function of well width can be obtained. This will provide information about the 
internal electric field in the direction perpendicular to QW plane based on QCSE as have been 
illustrated for c-plane earlier[52].  
 Figure 9.1 schematically shows the  1101 SQW structures which have been designed for 
this investigations. As can be seen in this schematics, the top barrier is designed to be AlGaN 
while for the bottom the AlN/GaN superlattice having around 43% average composition was 
used. The reason for using superlattice instead of AlGaN for barrier was to improve crystal 
quality of the GaN QW layer.  
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Figure 9.1. Flat-band conduction band schematics of the  1101  GaN SQW on patterned Si.  
 
 Based on such schematics, we performed SILVACO simulations considering 100% and 
20% polarizations in the hetero-interfaces for polar c-plane and semipolar  1101 structures. The 
simulation results are brought in Figure 9.2. The top 1 monolayer (ML)-thick AlN transition 
layer is inserted for the sake of avoiding the GaN layer to be etched by H2 during the transition 
from GaN QW to AlGaN top barrier layer.  
 
Figure 9.2. Band structure Simulations of the semipolar  1101  and polar c-plane GaN SQW on 
patterned Si. 20% and 100 % polarizations were assumed for the semipolar and polar structures, 
respectively. 
 
 Three semipolar layers were grown with different GaN well widths; 5 MLs (Sample A); 8 
MLs (Sample B); and 11 MLs (Sample C). The details of the patterning process and growth 
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conditions can be found in section 6.2. The SEM Images of the layers (See Figure 9.3) shows 
smooth surface morphologies for the stripes in all three semipolar layers.  
 
Figure 9.3. Planar and inclined-view SEM images of the stripe-shape semipolar  1101 GaN 
SQW having well width of (a) 5MLs, (b) 8MLs, and (c) 11MLs.  
 
 The preliminary micro-PL investigations using He-Cd (325nm) excitation demonstrates 
carrier confinement and recombination in GaN SQW resulting in efficient emission at room 
temperature (see Figure 9.4). The PL peak positions for the QW emissions are consistent with 
theoretical calculations. In addition, it is observed that the PL intensity increases as the quantum 
well width reduces. This can be due to both strain relaxations and/or enhanced spatial separation 
of electrons and holes wavefunctions (QCSE) for the thicker wells both contributing to reduction 
in radiative recombination efficiency in the SQW. The GaN NBE is shifted to longer 
wavelengths for sample B. This can be due to the strain affecting the PL. Higher BSF-related 
emission line (at 370nm) for sample B compared to other two samples could mean that the 
measurement is performed closer to the c- wing for sample B. 
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Figure 9.4. Room temperature micro-PL spectra of semipolar  1101 GaN SQW on patterned Si 
with 5, 8, and 11MLs well widths. 
  
 The investigations of well width dependence of emission energy and radiative 
recombination lifetime using temperature dependent steady state and time-resolved PL will be 
performed in future to determine the internal electric field along the structure. Moreover, using 
the sets of layers grown here, the insight into the effect of strain in the GaN SQW on degree of 
optical polarization of QW emission can be gained. 
 
9.3. Semipolar  1122 structures on planar m-sapphire  
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9.3.1. Quantum efficiency evaluations of semipolar  1122 InGaN MQW 
LEDs  
In order to evaluate the external quantum efficiency of the semipolar  1122 InGaN LED with 
the structure design demonstrated in section 7.6 we proceeded to fabrication process. First, the 
etching condition was tested on separate c-plane and semipolar  1122 GaN templates and no 
significant changes in surface roughness after etching in either orientation was observed. Also 
the etching rate was found to be higher by around 40% for semipolar layer compared to polar 
counterpart siting side by side on the same holder in the ICP chamber.  
However, after etching of the polar and semipolar  1122 LEDs, the surface roughness 
was significantly increased for the semipolar layer while there was no notable surface roughness 
change was observed for c-plane LED. This could be explained by variations in etching rates of 
the different exposed facets for the semipolar LED layer.  
Therefore, in order to overcome this problem, we need to optimize nano-ELO growth 
conditions for improving the surface morphology keeping optical quality in the same level. Other 
way would be to try alternative defect reduction methods such as insertion of AlN interlayers to 
improve surface morphology of the final layers.[235] Also, using thermal annealing to improve 
surface morphology is something that could be studied in future.  
For fabricated devices, EQE versus current density of the semipolar layer compared to 
polar counterparts could provide interesting information about the efficiency droop, peak EQE 
value, and current density correspond to peak EQE. Moreover, the photocurrent measurement 
discussed in section 4.2 for estimation of carrier spillover can be perfomed on the polar and 
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semipolar LEDs to estimate carrier leakage as well as carrier transport properties for these two 
orientations. 
9.3.2. Further Improving crystal quality using dual nano-ELO 
structures  
With the aim of further improve the optical properties and at the same time surface morphology 
of the (1122 ) GaN layers, we propose the structures with two SiNx interlayers (referred to as 
dual nano-ELO). The layer schematics of such structures is demonstrated in Figure 9.5.  
 
Figure 9.5. Schematics of the semipolar  1122 GaN template on m-sapphire using dual nano-
ELO for defect reduction.  
 
 Our preliminary investigation is presented here and further studies for better 
understanding and optimizations will be performed in future. Figure 9.6 shows the evolution of 
the surface morphology during growth of (1122 ) GaN layer with two 1-min SiNx interlayers on 
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m-sapphire substrate. One can see that at the end of the growth, the surface morphology was 
completely restored (Figure 9.6(c)). The layer grown with two 2-min SiNx interlayers was 
however not fully coalesced and had a rougher surface.  
 
 
 
Figure 9.6. Growth schematics (top figures) and optical microscope images of  1122 GaN layer surface 
after growth of  first 1-min SiNx interlayer and 20 min GaN overgrowth (left), second 1-min SiNx 
interlayer and 20 min GaN seed layer (middle), and additional ELO-GaN overgrowth for another 60 min 
(right). 
 
Figure 9.7 shows PL spectra measured from the two dual nano-ELO samples in 
comparison with the (1122 ) GaN reference layer without SiNx interlayers and the c-plane nano-
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ELO reference layer. From low-temperature PL data (Figure 9.7 (a)) we can see that the use of 
dual nano-mesh leads to the increase of the donor-bound exciton (D
0
X) emission and decrease of 
the stacking fault-related emission bands, and this improvement is more pronounced for the 2-
min SiNx interlayers. However, room-temperature PL from these samples shows little 
improvement (Figure 9.7 (b)). The sample with two 2-min SiNx interlayers shows higher 
intensity, but it is more than 7 times lower than that of the polar nano-ELO layer. Moreover, as 
was mentioned above, the surface of this sample is not fully coalesced. Thus, the dual nano-ELO 
approach did not provide improvement as compared to single SiNx interlayers. This finding can 
be attributed to the possible generation of new stacking faults and dislocations at the SiNx/GaN 
interface and, depending on number of blocked and generated extended defects, the method may 
or may not lead to improvement of optical and structural quality of the material. 
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Figure 9.7. (a) Low-temperature and (b) room-temperature PL spectra for in situ dual nano-ELO  1122
GaN samples with SiNx interlayers deposited for 1 min (blue) and 2 min (green) in comparison with 
spectra for  1122 GaN/m-sapphire template without SiNx interlayer (red) and state-of-the-art c-plane 
nano-ELO GaN film (black). 
 
 Further studies involving growth optimizations and more extensive studies of the 
semipolar dual nano-ELO structures by means of cross sectional STEM in combination with 
spectrally and spatially resolved CL will be performed in future. 
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9.3.3. Other studies proposed 
There are other investigations that will be performed in future on binary GaN and ternary InGaN 
QWs on semipolar  1122 and  1101 layers for the aim of more understanding these 
orientations and their optical, electronic, physical, and chemical properties and optimizing 
growth and device fabrication which are listed below.  
1) Investigations of Mg incorporation (as p-type dopant) for semipolar  1122 orientation 
including optimization of growth and activation condition to enhance the hole 
concentrations; Correlation of hole concentration from Hall Measurement and ABE 
emission in LTPL.  
2) For semipolar  1122 LED structures having smoth surface morphologies, the minority 
carrier diffusion length can be estimated using PL and CL techniques in the way similar 
to what we performed for conventional c-plane structures reported earlier [236], [237].  
3) Further studies of optical properties by temperature dependent, excitation dependent 
steady-state, time-resolved, and polarization-resolved PL; theoretical and experimental 
study of degree of optical polarization in semipolar  1122 and  1101 compared to other 
orientations investigated; correlation of DX/BSF emission intensity ratio in LTPL and 
BSF density from (S)TEM (3 to 4 data points are required for a comprehensive analysis). 
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